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PREFACE 
The primary objective of this study has been the thermal design and 
optimization of a radiation cryostat for cooling infrared detectors on 
earth orbiting satellites. The development of the basic geometrical 
philosophy for the optimum system was established by preliminary consid-
eration of various passive cryostat systems and later by analytic tech-
niques. The final design and optimization consisted in the 
establishment of a thermal model of the cryostat.which produced a set 
of four nonlinear algebraic equations·. in terms of twelve system parame-
ters. The analytical techniques were verified by test data and the 
final design was .sup:BorteO. by a digital computer grid search optimiza-
tion routine. An extensive parametric sensitivity analysis was con-
ducted which verified the optimum design parameters. 
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John Wiebelt, my major professor and thesis advser, and Professors 
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Further, I would like to offer my thanks to Miss Velda Davis for 
her excellent typing and Mr. Eldon Hardy for his superior drafting work. 
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The development of infrared sensing detectors has accelerated in 
recent years. The unlimited potential of these devices for the purpose 
of earth resources and planetary exploration, meterology, and astro-
nomical exploration has only begun to be realized. One problem that 
concerns a large percentage of these detectors is the requirement of 
very low operating temperatures. Three potential methods are available 
to the thermal designer to provide this necessary cooling during a 
space mission. First, a cryogen can be stored in dewars which serve the 
purpose of a heat sink. Second, active cooling devices, such as the 
mechanical cryostats, are available and are able to operate to very low 
temperatures, and finally a radiating device can be used to radiate 
energy to space and provide the necessary cooling. 
If one considers some of the disadvantages of the first two 
methods, such as reliability, weight and operating life, the radiant 
cooling becomes an immediately-favored designm It is the purpose of 
this study to design such a passive cooling system for an earth-~rbiting 




Very little work has been done in the study of radiation cryostats. 
The works that have been published have proposed methods for obtaining 
cryogenic temperatures in thermally, non-severe orbits (1, 2). Both 
works have considered orbits in the ecliptic. 
The publication of Fuschillo, Schultz and Gibson (1) considered 
three basic designs. The first was a cylinder of height h and radius r. 
The orbit of the cylinder was in the plane of the ecliptic and its axis 
was normal to its orbital plane. This situation is described in 
Figure 1. 
Two thermal coating systems were considered for this cylinder. 
The first had a high emittance (absorptance) value for the top and 
bottom (es, as) and low values for the sides (e:w, aw). The second 
utilized low o/e: values for the top and the bottom, (CTs/e:s), and low 
e:w and aw· 
The results of this parametric study are shown in Figure 2. The 
temperature of the cryostat was shown to decrease with decreasing h/r 
and increasing distance from earth where p/R is the number of earth 
radii of the orbit from the center of the earth. This decrease levels 
out at p/R = 0.1. A comparison at p/R = 0.1 was made between the 
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Figure 2. Cylinder Thermal Analysis 
3 
effective decrease in the cryostat temperature by using low values of 
a/e;. Internal power dissipation was shown to be Jess than 0.1 watt. 
The second design considered is shown in Figure 3. It consisted 
of a circular disk within a toroid. The purpose of the toroid is to 
shield the disk from its environmental energy inputs, the earth and sun. 
The energy absorbed by the toroid on its side is re-radiated out of both 
the top and the sides of the toroid. The energy input to the disk con-
sists of that received from the inner walls of the toroid, as well as 
through conduction from the toroid. In the analysis, the conductive 
inputs were neglected since it was believed that they could be 
practically limited to negligible quantities. 
A design procedure was established for sizing the toroid and a 
parametric analysis was performed assuming a toroid temperature of 540° 
R and a circular orbit in the ecliptic of 12,000 statute miles. Using 
a disk internal power generation of 10 watts, the resulting calculated 
disk temperature was 275° R. For zero watts dissipation, the disk 
0 
temperature was 225 R. 
The third design which was considered was an adaptation of the 
toroid design. It :is shown in Figure 4. An outer toroid structure is 
added to the design which serves the purpose of a thermal shield to the 
disk. The analysis of this design assumed that the outer toroid temp-
erature was 540° R; the inner toroid was at 180° R, and the resulting 
calculated disk temperature was at 63° R. This assumed an internal 
power generation of less than one milliwatt, and an orbit of p/R = 0.1. 
The thermal surface parameters were low E:w, aw and a 8 / e;8 • The 
disk radius was 20 cm, but its height was not given. 
5 
COATED SURFACE 
Figure J. Disc-Toroid Cryostat 
DD> <DD 
Figure ~. Double Toroid-Disc Cryostat 
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The second and most recently published work on radiation cryostats 
by Annable ( 2), January 1970, presents an approach to the design of 
radiant cooling in an earth ecliptic orbit. The approach is based on a 
highly specular cone channel to direct energy emission from a black 
patch (radiator) to space. The basic design is shown in Figure 5. The 
radiator is contained in an enclosure whose outward sloping, specularly 
reflecting and low e: walls were designed so that space is the only 
external source seen by the radiator. The cone, thereby, acts as a 
collimator for radiator emission. 
The radiator is thermally attached to the cone walls and to space. 
The temperature of the cone is controlled by the low (a/e:) walls of the 
cone end which is thermally connected to the cone. This cone end is 
used to offset the high temperatures which would result from a 
re.la ti vely high (a/ e:) surface exposed to solar inputs. 
The cone is insulated from the spacecraft. In Figure 5 the cone is 
shown inserted into the spacecraft external lines. Thermal analysis was 
~t. made assuming a typical Nimbus E orbit for 900 statute miles and using 
a 17.6 sq. cm. radiator area. The conductive heat input to the cone of 
1,000 sq. cm. area was .165 watt. The resulting calculated cone temp-
0 
erature was 331 R. If the conductive input to the cone is reduced to 
0 
zero, the calculated cone temperature would be 277 R. The radiator 
was thermally connected to the cone with the conductance of 9 X 10- 5 
watts per degree R, and assuming a Joule heat to the detector of 
3 X 1<f 3 watts, the resulting radiator temperature was 331° R. The 
effective radiator cone emissivity of 0.0277 was used for this analysis. 
Some radiant cooling devices are presently used in space. The high 












Figure 5. Cone Cryostat 
7 
8 
a simple conical cooler that maintains a PbSe element at J60° R (J, 4). 
A filter wedge spectrometer designed for use on Nimbus D also contains 
a conical cooler designed to operate a PbSe element at 315° R (5, 6). 
A feasibility model for very high resolution radiometer for the 
improved TOS spacecraft is designed to cool a HgCdTe detector to 153° R 
for a 1,100 km. orbit. This design proposes the use of a cone within a 
cone design. 
Annable (2) points out in conclusion that specular reflection 
modeling techniques may be used with success in design, and that conical 
radiant cooling devices are useful for high altitude thermally, non-
severe orbits such as a surface that is parallel to the orbital plane 
when the orbit is in the ecliptic. 
Since the passive thermal control of a satellite system is totally 
dependent on the thermal r[;ldiation properties of the exterior surfaces, 
some consideration should be given to the important literature in this 
area. 
Two reports that are basic in their considerations are presented 
by Christensen (7) and Greenberg (8). 
Christensen discusses at length some of the past problems asso-
ciated with thermal control in space, and establishes some basic 
requirements to thermal de~ign in space. A year later, Greenberg pte-
sented the results of his investigations of second-generation thermal 
control surfaces and coatings. Of primary importance was the develop-
ment of OSR, optical solar reflector, which is comprised of a fused 
silica substrate coated with silver. The silica surface is directly 
exposed to the incident irradiation. The silica transmits the solar 
energy which is 95%+ reflected by the silver surface. About JO per 
9 
cent of the infrared energy is reflected by the silica and 70 per cent 
is absorbed. The infrared emittance is also about 70 per cent. 
Consequently OSR exhibits a low absorptance of solar spectrum energy and 
a high infrared emittance. This low~/e ratio allows a room temperature 
or lower environment in direct solar irradiation. The data presented 
by Greenberg indicates that tailoring of the optical properties is 
possible for a wide range of thermal control experiments, and therefore, 
is a most valuable tool for space thermal design. 
CHAPTER III 
STATEMENT OF THE PROBLEM 
This research project was initiated in order to design an optimized 
radiation cryostat for use on earth-orbiting satellites. This cryostat 
was to have a long life, high reliability, low weight and require no 
power. These requirements would allow indefinite time span missions 
and allow continuous scanning over the earth's surface for purposes of 
weather detection, agricultural surveying, military reconnaissance and 
numerous other missions. 
Simple ·radiating d,evices and louver systems which may be used in 
non-severe thermal environments are presently available. It was the 
goal of this task to provide a system for the relatively severe thermal 
environment. This included consideration of a polar orbiting satellite 
at a minimum altitude with a radiating surface area that would be in a 
position to see direct solar irradiation for at least 50 per cent of 
its orbital period. The relative dimensions of the cryostat system 
should be optimized, as well as the thermal properties of the surfaces 
involved. 
The design consisted of a preliminary study to define an approach 
to the optimum system, an orbit altitude definition, and finally, an 
optimization of the geometrical and thermal parameters. 
10 
CHAPTER IV 
PRELIMINARY DESIGN CONSIDERATIONS 
Initial consideration was given to a one-dimensional system as 
shown in Figure 6. This system consisted of a multilayer superinsula-
tion base, one side of which was connected to a room temperature 
satellite. The other side was connected to an infrared detector, and 
finally to some cold plate or radiator which emits to space. The only 
heat inputs considered were the Joule dissipation by the detector, and 
that originating from the satellite. 
The objectives of this simple model analysis were to determine the 
importance of the following effects: 
1. The surface area required of the radiator. 
2. The effective temperature of space. 
J. The values of the thermal conductances between the satellite 
and the detector, and between the detector and the radiator. 
The results of this study are shown in Figure 7 and indicate that 
with the equivalent of one inch of multilayer insulation, ·it ~ol;ild 
be possible to reach temperatures as low as 100° R with a radiator of 
one square foot area. It was further determined that if radiator temp-
0 
eratures as low as 100 R were considered, the effective temperature of 
space may vary between o0 R to 20° R without significant effect on the 
radiator temperature. This variation in effective space temperature is 
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Figure 7. Thermal Analysis for Simplified Cryostat System 
with as little as one inch of multilayer insulation between the satel-
lite and the detector, the thermal conductance between the detector and 
the radiator could be as low as 1 BTU/HR-0 R. This is based on a cross-
sectional area of one square foot and does not affect an important 
increase in the detector temperature. This magnitude of conductance 
would be typical of an insulator and, consequently, there should be 
no problems in thermally connecting the radiator and the detector. 
Because of these points, the following simplifications were assumed 
for the remainder of the analysis: 
1. The effective temperature of space was assumed to be 
absolute zero. 
2. The presence of the detector, as well as its temperature, 
was assumed to be equivalent to that of the radiator. 
3Q A reasonable thermal connection was made with a relatively 
warm satellite to insure proper thermal isolation of the 
detector and radiator from the satellite. 
A more definite type of conducting scheme between the radiator and 
the satellite was then proposed. The scheme is shown in Figure 8. It 
consists of a series of thin aluminum foil cups, separated by dexiglas 
insulators. This scheme would allow the energy which would be conducted 
from the satellite to be short-circuited away from the radiator to a 
separate heat leak radiator that could operate at a slightly higher 
temperature. A radiator system, as shown in Figure 9, was then con-
sidered. This shielding system was arranged such that it would be just 
large enough to avoid any input to the radiator directly from the earth. 
It was further assumed that the spacecraft could be rotated around the 
spacecraft-earth axis such that the sun would never strike the radiator 
surface. With these assumptions, the shield would be irradiated by 
I 
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Figure 9. Earth Shield Cbnfiguration 
~7 
energy from the earth emission or earth albedo on the bottom and would 
be irradiated on top by the sun with varying intensity, depending on 
the location of the spacecraft in orbit. The two vertical shields next 
to the radiator surface would see a portion of the earth's albedo, but 
would not see the sun at any time. These two vertical shields were 
assumed to be insulated on the back. 
After this system was formulated, the necessary input parameters 
for a transient heat transfer analysis were determined. The radiator 
surface was assumed to be insulated with two inches of the multilayer 
superinsulation wrapped around the radiator surface in a manner which 
allows the short circuiting of energy from the spacecraft, as previously 
described in Figure 9. The energy input to the radiator consisted of 
energy by conduction from a 520° R spacecraft through· two inches of 
superinsulation and radiant energy input from this shield which would be 
warmed by the sun. This energy would be lost from the radiator by 
radiation to space in approximately one-half of the total solid angle 
over the radiating plate. A 300 statute mile circular orbit was 
considered. 
The results of this analysis are shown in Figure 10. After the 
spacecraft goes through about six revolutions, the radiator plate has 
reached an equilibrium temperature of approximately 210° R. The value 
of this temperature is dependent upon the radiating surface properties 
of the earth's shield, both top and bottom. The results shown herein 
assumed that the earth's shield has the aluminum side of an aluminum-
coated mylar superinsulation for the bottom and an o.s.R. coating on 
the top. This particular set of surface properties may not be the 
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initial analysis, it can be seen that a temperature for the radiator of 
approximately 200° R is certainly a feasible value for the cryostat 
temperature. Although this is not an extremely low temperature for 
0 
detector work, the value of 200 R would be useful with HgCdTe or other 
photoconductive type detectors. These detectors have a very good D* 
and are suitable for use in general earth resources surveying for the 
10W atmospheric window. They may also be tailored to meet wavelength 
requirements. In order to obtain lower temperatures, it will be 
necessary to eliminate the solar input to the top of the earth's shield. 
Some perturbations in the design study were then conducted in order 
to find a means of reducing the radiator temperature of 210° R. These 
perturbations consisted in varying certain surface radiation properties 
and in reducing the satellite temperature from 520° R to 4oo0 R. The 
results of these perturbations are shown in Figures 11 through 14. 
None of the perturbations resulted in a serious decrease in the 
radiator temperature when considered for the ninth hour in orbit. This 
particular orbit time was arbitrarily chosen for a comparison point, 
rather than allow the solution to reach equilibrium in order to reduce 
the computer time for these preliminary analyses. 
Figure 11 shows the results of introducing a satellite and an 
initial cryostat temperature distribution of 400° R through the system. 
The amplitude of the swing in the temperature of the earth shield top, 
as well as the radiator temperature is unchanged from that reported in 
Figure 10 at the nith hour of orbit. 
Figure 12 indicates the results obtained from decreasing the 
emittance of the earth shield top from the value of 0.85 used in Figure 
10 to a value of o.425. This results in a slight increase in the 
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amplitude of the swing in the earth shield top temperature with essen-
tially no change in the radiator temperature. The initial and satellite 
0 
temperatures were 520 R. 
Figure 13 resulted from a decrease in the solar absorptance of the 
earth shield top from 0.05, as used in Figure 10 to 0.025. The signifi-
0 
cant decrease (60 R) in the amplitude of the earth shield top tempera-
0 
ture swing and a reduction in radiator temperature of about 10 R (to 
200° R) resulted. Note that this problem uses initial and satellite 
0 
temperatures of 4oo R. 
Figure 14 shows the results in using a solar absorptance for the 
earth shield top of O.O. At nine hours, the radiator temperature is 
25° R below that reported in Figure 10, and the earth shield top temper-
ature is no longer a periodic function. The initial and satellite 
temperatures for this problem were 4oo0 R. 
Figure 1.4 is indicative of the type of temperature distribution 
which might be expected if sun shields were used to protect the top of 
the earth shield from direct solar irradiation. A direct comparison 
cannot be made, however, since this would require the sun shield to 
operate at absolute zero. Consequently, the higher temperature for both 
radiator and earth shield top would be expected with the introduction of 
the sun shield into the system. 
A cryostat design utilizing a sun shield was then examined. This 
system consisted of the radiator earth shield sun shield arrangement, 
as shown in Figure 15. 
The model chosen for analysis consisted of a black radiator 
surface, surface 1, which was insulated with two inches of superinsula-















Figure 15. Radiator With Earth and Sun Shields 
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mylar side out was assumed. The properties used for the mylar side 
were a 6 = 0.10 and a 1 R = 0.36. Blankets of multilayer insulation were 
used for the earth shield and sun shield. These blankets were assumed 
to have a thickness of two inches. The surface properties used for the 
sun shield and earth shield surfaces were identical to the values used 
for the mylar side of the insulation; i.e., a6 = 0.10, a, R = 0.J6. 
The various elements of the cryostat system were assumed to be 
coupled by radiative transfer only; i.e., conduction from the sun 
shield, earth shield, or other elements to the radiator or spacecraft 
was assumed to be zero. Conduction from the spacecraft was considered 
for the spacecraft radiator system, surface 1, but the conduction along 
any support system for the shields, surfaces 4 and 5, was assumed to 
be zero. 
This cryostat system was assumed to be in a JOO statute-mile cir-
cular polar orbit, with the sun at local noon over the equator. This 
orbit would be the March 21 orbit for local noon at the spacecraft 
launch point or injection point. In such an orbit, a spacecraft makes 
one revolution in approximately 1.57 hours and spends slightly over 
one-half of this time in direct sunlight. Furthermore, at this alti-
tude, the earth shine, consisting of both infrared and albedo energies, 
is quite largeo For example, the average irradiation of a horizontal 
surface (in the X-Y plane of Figure 15) facing the earth due to earth 
emission is about 57 BTU/HR-F'fl. The energy from earth albedo is a 
variable which has a range from 0 to 127 BTU/HR-FT2 • The direct solar 
input during the time in the sun varies from zero to one solar constant 
for a horizontal surface facing upward. 
'27 
Since these energy quantities are present in the low altitude 
.orbit, the spacecraft was assumed to have planetary orientation such 
that the local zenith was always as shown in Figure 15, and the sun was 
always in the Y-Z plane in the negative Y direction. This implies that 
the spacecraft must be continually reoriented as it moves in the orbit. 
With these assumptions, the only surface which would ever receive direct 
sunlight is the top of the sun shield. Surfaces 4, 5, 8, and 11 receive 
solar energy after reflection from the earth. The radiator is shielded 
such that it never receives energy directly from the earth or the sun. 
The radiator only receives energy from the earth after reflection from 
surfaces 4, 5, 6, and 11. Surfaces 4, 5, and 11 receive earth-emitted 
energy and earth-reflected solar energy from essentially an infinite 
plane; i.e., the earth is so near that the entire horizon is essentially 
filled by the earth. For this reason, it is impractical to consider 
systems which completely eliminate a view of the earth. 
The results of the analysis of this model are shown in Figures 16 
through 21. The surface numbers as noted at the tops of these figures 
refer to the surfaces as shown in Figure 15. The average temperature of 
the radiator, Side 1, in Figure 16, is approximately J00° R. The other 
surfaces have much larger amplitudes of temperature variation because 
the thermal capacity of multilayer insulation is small. It is inter-
esting to note that surface 6, the top of the earth's shield, has a 
lower average temperature than the radiator. This indicates that 
another geometry for the cryostat should be considered in which the 
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DESIGN OF CRYOSTAT 
Design Philosophy 
In choosing a typical orbit for the final analysis, and therefore, 
the basis for a design philosophy, the two primary objectives were to 
obtain as low a circular orbit as possible and to allow the radiatcir .to. 
operate in a relatively severe heat flux environment. These objectives 
were bounded by the further stipulations that the design must be highly 
reliable, and must use no consumables. Therefore, the reorientation of 
the satellite while in orbit could not be considered. 
The orbit finally chosen was one in which the satellite spends more 
than one-half of its time in sunlight, and which passes through the 
earth-sun line. Two examples of this type of orbit are shown in 
Figure 22. 
With these goals, a design is suggested that is comprised of a 
blackbody radiator, protected on three sides by sun shields. The geo-
metrical optimization of this design would then be the maximization of 
the view factor of the radiator to space, while minimizing the heat 
input to the radiator, due to its thermal environment. 
To accomplish this task, the radiator, the sides and the top of the 
enclosure were insulated with multilayer superinsulation. The inner 
sides and top were defined to be specular reflecting surfaces exhibiting 
as high a specular reflectance as possible. To this enclosure were 
35 
n 
Figure 22. Typical Satellite Orbits 
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added plane specular reflectors which would effectively increase the 
view factor of the radiator to space while minimizing the heat input 
from environmental sources. This geometry is shown in Figure 23. The 
design and sizing of these reflectors are discussed in Appendix A and 
the configuration is shown in orbit in Figure 24. 
Practical design considerations established in Chapter IV lead to 
a choice in a radiator size of 12 X 12 inches. Circular orbits of JOO, 
6oo and 900 statute miles were considered for analysis. Reflector 
design procedures for these altitudes led to enclosure dimensions as 
shown in Table I. 
TABLE I 
ANALYTICAL MODEL ENCLOSURE DIMENSIONS 
Orbit Altitude Enclosure Height Reflector Angle 
Statute Miles Inches Degrees 
300 18.95 70 
600 14.45 60 
990 13 .50 55 
The three models which were considered were assigned a thermal 
nodal network, as shown in Figures 25 and 26. The insulation thickness, 
T, was chosen to be one inch. The enclosure height, H, and the reflector 




Figure 23. Basic Thermal Enclosure With ~o Reflectors 
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Figure 25. Nodal Model 
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Rl9 RIB R22 
RIO R9 R5 R6 R7 
Figure 26. Analytical Network 
The radiant interchange analysis was based on Oppenheim's radiosity 
analysis method as modified by J. Holman (9) to account for the possi-
bility of allowing the surfaces to exhibit both specular and diffuse 
components of reflectances, as suggested by Seban (10) and discussed 
by Sparrow, Eckert and Jonsson (11). 
The radiant interchange was considered for two spectra of energy; 
the solar spectrum and the infrared spectrum. The analysis assumed the 







The mass of the enclosure was assumed to exhibit the thermal 
properties of multilayer superinsulation, as given by reference (12) 
for 70 layers/inch. These properties are listed below. 
density = 1.5 LBM/CUoFT. 
specific heat = Oo 135 BTU/LBM-0 R 
thermal conductivity 
a) normal to layers: 3.8 X 10- 5 BTU/HR~FT-0 R 
b) parallel to layers: 0.032 BTU/HR-FT-0 R 
A computer program was written to calculate the thermal capaci~ 
tances and resistances for the analytical model, as shown in Figure 26. 
This program used standard techniques for these calculations, and 
therefore, its listing is not included in this dissertation. These 
variables were used as input for the Lockheed Thermal Analyzer Program 
which was modified to operate on the O.S.U. IBM 360/50, and are given 

































ANALYTICAL THERMAL MODEL NETWORK PARAMETERS 
(JOO STATUTE MILE CIRCULAR ORBIT) 
CAPACITORS (BTU/LBM-0 R) 











RESISTORS (SEC-0 R/BTU) 
Resistance Resistor ID 
3.95 x 106 15 
J.95 x 106 16 
J.95 x 106 17 
J.95 x 106 18 
5.39 x 106 19 
5.39 x 106 20 
1.07 x 107 21 
5.J8 x 106 22 
5d8 x 106 23 
1.07 x 107 24 
2.50 x 106 25 
2.50 x 106 26 
2.50 x 106 27 
2.50 x 106 
RADIATION CONDUCTORS (FT2 ) 
Conductance Conductor ID 
9.87 x 10-6 32 
9.87 x 10-6 33 
8.22 x 10-7 J4 













J.95 x 106 
3.95 x 106 
6.96:x 106 
6.96 x 106 
6.96 x 106 
6.96 x 106 
6.96 x 106 
6.96 x 106 
2.70 x 106 
2.70 x 106 
1.21 x 107 
1.21 x 107 
1.4J x 106 
Conductance 
2. 4B:·x · 16"" 5 
8.12 x 10- 5 


































ANALYTICAL THERMAL MODEL NETWORK PARAMETERS 
(600 STATUTE MILE CIRCULAR ORBIT) 
CAPACITORS (BTU/LBM-0 R) 











RESISTORS (SEC-0 R/BTU) 
Resistance Resistor ID 
3.95 x 106 15 
3.95 x 106 16 
3.95 x 106 17 
3.95 x 106 18 
4.J8 x 106 19 
4.J8 x 106 20 
8.75 x 106 21 
4.J8 x 106 22 
4.J8 x 106 23 
8. 75 x 106 24 
J.28 x 106 25 
J.28 x 106 26 
J.28 x 106 27 
J.28 x 106 
RADIATION CONDUCTORS (Fi') 
Conductance Conductor ID 
5.57 x 10-6 32 
5.57 x 10-6 33 
5.98 x 10- 7 34 













J.95 x 106 
J.95 x 106 
5.95 x 106 
5.95 x 106 
5.95 x 106 
5.95 x 106 
5.95 x 106 
5.95 x 106 
3.95 x 106 
J.95 x 106 
8.65 x 106 
8.65 x 106 
1.46 x 106 
Conductance 
2.14 x 10- 5 
5.55 x 10-5 
2.14 x 10- 6 

































ANALYTICAL THERMAL MODEL NETWORK PARAMETERS 
(900 STATUTE MILE CIRCULAR ORBIT) 
CAPACITORS (BTU/LEM-0 R) 











RESISTORS (SEC-0 R/BTU) 
Resistance Resistor ID 
3.95 x 106 15 
3.95 x 106 16 
3.95 x 106 17 
3.95 x 106 18 
4.16 x 106 19 
4.16 x 106 20 
8.32 x 106 21 
4.16 x 106 22 
4.16 x 106 23 
8.32 x 106 24 
3.51 x 106 25 
3.51 x 106 26 
3.51 x 106 27 
3.51 x 106 
RADIATION CONDUCTORS (FT2 ) 
Conductance Conductor ID 
5.46 x 10-6 32 
5.46 x 10-6 33 
5.41 x 10- 7 34 














3.95 x 106 
3.95 x 106 
5. 73 x 106 
5. 73 x 106 
5.73 x 106 
5. 73 x 106 
5.73 x 106 
5. 73 x 106 
4.53 x 106 
4.53 x 106 
7.44 x 106 
7.44 x 106 
1.48 x 106 
Conductance 
2.13 x 10-6 
4.84 x 10- 6 
2.13 x 10-6 
5.48 x 10-6 
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calculating the environmental heat inputs to the cryostat are described 
in Appendix B. The special techniques used to describe the radiation 
resistances of the specular-diffuse system are described in Appendix C. 
The results of these transient analyses are presented in Figures27, 
28, and 29. The 6oo statute mile orbit is shown to be the lowest orbit 
that meets the criteria of an average radiator temperature less than 
200° R. This fact establishes the minimum orbit to be considered for 
the design and the optimization will be based on a similar circular 
orbit. 
Some immediate comments may be made on Figures 27 through 29 
concerning the improvement of the cryostat performance. It would be 
desirable to increase the thermal mass of the radiator in order to 
decrease its transient excursions. This is not expected to be a 
problem since the mass presently considered in the analysis is quite 
small. Also, the temperature of the outside surface of the sun shteld, 
surfaces 4 and 5, could be lowered considerably if a low a/~ surface 
had been used. This in turn would iower the temperatures of the 
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Figure 27. JOO Statute Mile Temperature Results 
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Figure 28. 600 Statue Mile Temperature Results 
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Figure 29. 900 Statute Mile Temperature Results 
CHAPTER VI 
ExPERIMENTAL PROGRAM 
The prime objective of the experiment was to gain confidence in 
the techniques that were utilized in the analysis, especially those 
concerned with the radiative coupling in the system. Two energy spectra 
are of interest; the solar and the infrared. Since the techniques 
applied to each spectra are similar, a considerable simplification was 
made in only considering a test for the infrared spectrum. The objec;;., ·. 
tive was then obtained by a validation of the radiative coupling that 
would exist between the surfaces of the enclosure and an external 
infrared source. The tests were conducted for steady-state conditions. 
The test model was a one-half scale model of the 600-statute mile 
orbit proposed design. The radiative boundary conditions of the model 
were symmetrical about a plane perpendicular to the radiator and passing 
through the vertex of the reflector. This condition is shown in 
Figure 30a. An infrared specular reflector was used in the position of 
this plane of symmetry, allowing radiative symmetry to exist. This 
plane, as well as the remaining surfaces of the model were insulated 
with one inch of multilayer insulation at 77 layers per inch. The 
insulation behind the symmetrical plane completed the requirements to 
approximate an adiabatic surface. The theoretical presence of this 




(a) PLANE OF THERMAL SYMMETRY 
7.2211 
3.011 
(bl TEST MODEL 
Figure JO. Thermal Symmetry for Test Model 
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The fabrication of the model included a balsawood frame, to which 
the surfaces of the enclosure were attached. Balsawood insulators 
provided conductive isolation between the adjacent surfaces and between 
the surfaces and the frame. The sides, the back (the symmetrical plane) 
and the reflector were made from 1/32 inch brass shim stock, one side of 
which was highly polished. The radiator was made from 1/16 inch 
aluminum plate with the top face painted with four coats of JM Black 
Velvet paint. Below the radiator, there was a total of two inches of 
multilayer insulation at 77 layers per inch. The thermocouples on the 
models were placed centered on the surfaces as shown in Figure 30b. 
The infrared source, used to irradiate the model, was made from 
1/16 inch sheet aluminum. The top of the plate was painted with four 
coats of JM Black Velvet and an nikrome heating element was bonded to 
the bottom surface. The entire plate was insulated with one inch of 
multilayer insulation. The heater thermocouple positions and its 
general setup are described in Figure 31. 
The test chamber was a vacuum chamber with a high emittance cold 
wall which could operate down to liquid nitrogen temperatures. Chamber 
pressure measurements were available from both thermocouple and ion-
ization gauges. The temperatures of all the cold wall faces were 
monitored during the test. 
The test setup is shown in Figure 32. The model and the infrared 
heater were held by a cradle suspended from the chamber with nylon cord. 
The model, heater and cold wall temperatures were continually monitored 
by a Daystrom multichannel recorder. Temperature data was taken from a 
millivolt meter. An ice junction wa~ used for the thermocouple refer-
ence. Heater power was supplied by a constant voltage supply. 
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Figure 32. Test Set Up 
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The analysis of the test model was based on the same techniques as 
used for the previous analysis work as described in Chapter v.. Sebans' 
assumption was invoked and the thermal surface properties which were 
used in the analysis are as follows: 
a) Sides, Reflector and Back 
<lt R f.: IR = 0.05 
PO't R 0.90 (6-1) 
pl) I R 0.05 
b) Radiator 
Cl.t R = @:I R 1.0 (6.,;2) 
Because of the scaling of the model dimensions, the network 
parameters, as given in Table III (for the 600-mile orbit model) were 
directly scaled to meet the model. The consideration of the infrared 
heater was a departure from the previous analysis and new geometric 
shaped factors had to be calculated between the enclosure and the 
heater. These shape factors are listed below: 
F . = 0.060 
side-heater 
F = 0.125 
reflector-heater (6-3) 
F . = 0.483 
side-space 
F == 0.598 reflector-space 
A comparison of the test results ~ith the predicted test tempera-
tures is shown in Figures 33 and 34. The solid lines represent the 
results of a parametric analysis of the enclosure as a function of the 
cold wall effective temperatureo The differences between these figures 
is the effective temperature of the infrared source and the effective 
cold wall temperature. 
TEST I 
340J- IR SOURCE EFFECTIVE TEMPERATURE = 439 °R 
COLD WALL TEMPERATURE = 207°R 
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In Test 1, the infrared source effective temperature was 439° R and 
the cold wall temperature was 207° R. In Test 2, the infrared source 
effective temperature was 536° R and the cold wall was at 171° R. 
The discrepancies between the theory and the test results are due 
to the uncertainties in the surface thermal properties, the thermocouple 
measurement error and the instrumentation error. The uncertainty in the 
surface thermal properties is expected to be approximately 5 per cent, 
thereby introducing a maximum error of ±3.75° R. The instrumentation 
error is assumed negligible and the thermocouple error was calculated as 
suggested by Newhouse (14) to yield the maximum error of less than 
0 one-half per cent of the absolute temperature, or ±1.5 R. The maximum 
variation between the test data and the analytical prediction should, 
therefore, be ±5.25° R. This band is shown as applied to the test data 
points in Figures 33 and 34 for tests 1 and 2. 
The analytical predictions show that although lower radiator 
temperatures would be available from lower cold wall temperatures, the 
cold wall temperatures attained were sufficiently low to yield meaning-
ful results. 
The most important result desired from the analysis was to predict 
the radiator temperature as a function of its environment. The agree-
ment between the analytical predictions and the test results has, thus, 
yielded the desired confidence in the analytical techniques which will 
be used in the thermal analysis for optimization of the surface radiative 
properties and the model geometry. 
For both tests 1 and 2, the prediction of the radiator temperature 
was conservative. This conservative approach has been a part of the 
philosophy of the analytical techniques as used in this study. 
CHAPTER VII 
DERIVATION OF EQUATIONS 
The analysis of the Cryostat System assumes that: 
(1) Surfaces emit as diffuse gray surfaces. 
(2) The irradiation is uniform over all surfaces. 
(J) The surfaces are isothermal. 
(4) Kirchoff's identity applies. 
(5) Seban's assumption applies for both the solar as well 
as the infrared spectra. 
Seban's assumption is written as 
Pt t 1 = pcr + p6 o a 
where pcr is the specular component of the reflectance and p6 is the 
diffuse component. The radiant interchange analysis is based on J. 
(?-1) 
Holman's adaptation of Oppenheim 1 s radiosity method (9) to account for 
Seban's assumption described in Equation (7-1). 
The basic model to be analyzed is the enclosure of Figure 35. The 
radiator is shown as side 1; the closed sides are 2 and 4, and the 
reflector is side J. The open sides are not labeled, but will be 
denoted by the subscript a. 
An energy balance was derived for the internal surfaces of the 
enclosure with heat inputs from albedo and earth emission, conduction 










Figure 35. Analysis Model 
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separately to the surface. No direct solar input is present for any of 
the interior surfaces. 
The radiant energy balance for each surface of the enclosure may be 
written as: 
Ke (J2 - &a) +Ks (J2 - J1) +Ks (J2 - J3) + K11 (J2 - Es) = 0 (7-3) 
where E1 is the blackbody emission of surface i, J 1 is the radiosity of 
surface i, and K1 is a thermal conductance. Surface 5 represents 
space. The preliminary study showed that one may assume space to be at 
absolute zero. Accounting for the temperature and geometric symmetry 
between surfaces 2 and ~ (which has already been implied in Equations 
(7-1) to (7-5), since no energy transfer between these surfaces has been 









Throughout the analysis, the identity R1 = i applies. Incorporating 
1 
Equations (7-9) to (7-11) into Equations (7-6) to (7-8) and re-
arranging, there results: 
(7-12) 
- (KG )E1 + (KG +Ks + K11 )F.:z - Ks~ 
(7-13) 




These equations appear to be linearized equations in temperature to the 
fourth power. However, there are non-linear (first power of temperature) 
terms that exist in a1 4 , a,a4, and a.s 4 • The solution accounted for these 
by iteration. Equations (7-15) to (7-17) are easily solved once the 
coefficients a 1 j are known. As will be shown, these a 1 j are functions 
~ ~ -lo, ..... 
of the vectors Q1 and K1 • In turn, the K1 and Q1 are functions of the 
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thermal parameters of the analysis which are the absorptance and the 
specular and diffuse reflectance in both the solar and the infrared 
spectra for each surface. In total, this amounts to 12 independent 
surface thermal parameters to consider. 
According to Holman's suggested procedure as described in Appendix 
~ 
c, the thermal conductance vector K is defined as follows: 
K1 = €1 A1 ( 1.0 - p1,o)/p1,o (7-18) 
IR IR 
Kci €2A2 ( 1.0 - p2,cr)/p2,o (7-19) 
IR IR 
Ks = €3.As (1.0 - pJ,cr)/pJ,o 
IR IR 
(7-20) 
1\4, = Kci ; Ka Ke; Kg = Ks (7-21) 
Ks A1[F1-2 + p3,cr F1-2(3) + p'*,cr F1-2(4) 
IR IR 
+ pJ,cr p'*,cr(F1-2( 3 ,4) +F1-2(4,3) )] 
IR IR 
(7-22) 
RB = A3[F3_2 + p1,cr F3-2(l) + p'*,cr F3-a(4) 
IR IR 
+ p 1, cr P'*, cr ( F 3- a (1 , 4 ) + F 3 - a < 4, i ) )] 
IR IR 
(7-23) 
K7 = Ai[F1-3 + p2,cr F1-3(2) + p'*,cr Fl-3(4) 
IR IR 
+ p2,cr p'*,cr(F1-3(a 4) +F1_3(4,2) )] 
IR IR ' 
(7-2'*) 
Klo = A1[F1_5 + p2,cr F1-5(a) + p'*,cr Fi-5(4) + pJ,cr Fi-5(3) 
IR IR IR 
+ p2,cr pJ,cr(F1_5( 2 , 3 ) +F1_5(3,2)) 
IR IR 
+ pJ,cr p'*,cr(F1_5c 3 4) + F1_5(4 1 3)) 
IR IR 1 
+ p2,cr p'*,cr(F1-5(a,4) +F1-5(4 a)) 
IR IR 1 
6J 
+ p2,a pJ,cr p4,cr(F1-5(2 ~ 4) +F1-5( 3 4 2 ) +F1-5(4 2 3 ) 
IR IR IR ' ' 1 ' ' 1 1 
(7-25) 
Kn= A2[F2-5 + pJ,cr F2-5(3) + p4,cr F2-5(4) + p1,cr Fa-5(1) 
IR IR IR 
+ p1,cr pJ,cr(F2-5(1,3) +F2-s(3,1)) 
IR IR 
+ p1,cr p4,cr(F2_5(1,4) +F2_5(4, 1)) 
IR IR 
+ p4,cr pJ,cr(F2-5(4, 3 ) +Fa-5( 3,4)) +p2,cr pJ,cr p4,cr(F2_5(1, 3 4) 
IR IR IR IR IR ' 
(7-26) 
K12 = A3[F3_5 + p1,cr F3_5(1) + p2,cr F3_5( 2 ) + p4,cr F3_5( 4 ) 
IR IR IR 
+ p2,cr p4,cr(F3_5( 2,4) +F3-5(4 2 )) + p1,cr p2,cr p4,cr(F3_5(1 2 4) 
IR IR ' IR IR IR 1 1 
(7-27) 
In Equations (7-18) to (7-27), many of the parameters for surface 4 
were included to aid in their understanding. In all cases, however, all 
parameters for surfaces 2 and 4 were considered equivalent. 
-lo. 
The vector Q is identified by considering the miscellaneous heat 
input, the conduction into the surface, the earth's emission input and 
the albedo input, and are defined as follows: 
Qi_ = q1, cond. + q1, misc.+ JeA1a;i[F1_., +l: pj,crF1(J)-• 
IR j IR 
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(7-28) 
Qci = q2,cond. + q2, misc. + Je A2 a.2 [F2 _e + l;: .pj,crF2 (.1 )-I 
IR IR J IR 
(7-29) 
~ = qJ,cond. + qJ, misc.+ Je A3 a.J[F3 _ 1 +~ pj,cr+Facn-1 
IR 1 J IR 
+ ~ pj,5: F3_ 1F3_ 3 ] + Je A3 a.J[F3 _ 1 +~ pj,crF3 (.1)-1 
J IR 1 1 J 1 
(7-JO) 
The term qi , cond. is the conducted (non-linear term) heat input 
to the surface; qi, misc. is an arbitrary heat input, and Ji and J8 are 
IR "1 · 
the infrared and the solar spectra radiosity of the earth. The sub-
script e refers to the earth. 
The conduction term qi ,cond. was obtained by considering the nodal 
conduction path as shown in Figure J6. 
Energy arriving at surfaces 1, 2, and J from the exterior surfaces 
of the enclosure surfaces, 1b, 2b, and Jb, is given by the expression: 
(7-31) 
where k 1_ 1 is the thermal conductivity normal to the layers of insula-
b 
tion taken as J,8 X 10- 5 BTU/HR-FT-0 R, and connecting the i node with the 
outside or ib node. is the conduction cross-section surface area 
and d1_i is the thickness of insulation considered. Ti and Ei are 
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Figure 36. Nodal Conduction Path · 
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the temperature and emissive power, respectively, of node ib. The 
thermal conductivity parallel to the insulation layers was taken as 
.032 BTU/HR-FT-°F. A similar equation to (?-31) may be written for the 
energy conduction along the layers of insulation. 
In the conduction input, the presence of the reflector was 
essentially ignored. This is conservative for the analysis and actual 
consideration is strongly dependent on the final design structure of the 
insulation and sides. In this case, the entire structure considered was 
comprised of insulation. 
The arbitrary heat input, q1 , misc., was considered in order to 
study the effects of varying from the given calculated conducted energy 
input due to structural differ~nces. This term was parametrically 
varied in the final analysis. 
The earth radiosity terms of Equations (?-28) to (?-JO) were calcu-
lated by the procedure described in Appendix B and are given as: 
(?-32) 
(?-33) 
Average values for F0 _ 1 were obtained from ORAD and are listed in 
Appendix B in Tables VII to XVIII under the column "F" ( 18). 
The shape factors required for many of the second and higher order 
multiple reflection terms in this part of the analysis could riot be 
accurately determined with existing computer programs. The following 
procedure was used to estimate these shape factors. If F1_j(k) is a 
known first-order reflection term and F1_j(k, l) is an unknown second-
order term, and if r 1_j(k) is a mean path length between surface i and 
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surface j(k), and r 1_J(k, l) is a mean path length between surface i and 
surface j(k,l), then the second order shape factor was formulated by 
(7-34) 
Similarly, third order terms were found by 
(7-35) 
The analysis is then summarized as a solution of an equation of 




L: a1 J E3 = ai 4 
j=1 
where P1 are the surface thermal parameters to be optimized. In 
general, if the reflectances are considered to be the independent 





The parameters to be considered are then defined in the following 
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way: 
pcr,1 = Pi pa,2 = Ps pcr,J = ~ 
IR IR IR 
p&,1 = Pa p&,2 = Ps p& ,J = P10 
IR IR IR 
p a,1 = P3 pcr ,2 = !>? pcr,3 = pu 
s ! ~ 
p i5'1 = P4 P.& ,2 = Pa p&,J = Pi2 s s 
(7-4:1) 
where 
a.1 = 1.0 - P1 - P2 = E:1 
IR 
a.2 = 1.0 - Ps - Ps = €2 
IR 
a.J = 1.0 - Pg - Pio = €3 
IR 
a.1 = 1.0 - P3 - P4 
cx.2 = 1.0 - !>? - Pe 
a.J = 1.0 - Pu - Pia • (7-4:2) s 
In order to optimize these parameters, a grid search routine 
obtained from Mischke (15) was used. The particular subroutine which 
was used is called GRID 4: and is explained in detail in reference (15). 
It is not duplicated in this report. GRID 4: does not assure the user of 
avoiding false optimum solutions and the results must be considered 
quite thoroughly in a sensitivity check. The GRID 4: procedure forms the 
local optimum by allowing the search pattern to alternate between a 
hypercube and a hyperstar in considering the evaluation of the merit 
ordinant at nodes on the cube, or the star, and the midpoint. The opti-
mum merit function then determines the new direction, as well as the 
center for the continuing formation of the hypervolumes. This process 
continues until such time as a solution is within predetermined 
constraints. 
In order to obtain a reasonable optimization of the proposed sys-
tem, certain ~arameters had to be considered independently. These 
parameters were functions describing the thermal environment of the 
system. They include the orbital flux definition, which is a transient 
function, and the consideration of a parametric power input to the 
radiator, the sides and the reflector. 
The orbit altitude and type have already been chosen as a result 
of the detailed analyses of Chapter V. The orbit is a circular polar 
orbit of 600 statute miles that is sun synchronous at the local noon. 
Having defined the orbit, Costello's (16) suggestions are followed in 
that if the thermally critical elements of the satellite are buried 
within the vehicle (the critical element in this case being the 
detector), and if the temperature fluctuations of thermally critical 
elements outside the satellite (the radiator) may be minimized by 
increasing the effective mass of that element, then discrete environ-
mental conditions may be considered to replace the transient functions 
in order to consider the optimization of the system. Consequently, 
three discrete orbital thermal environmental conditions were chosen by 
considering the sum of the earth emission and the albedo which enters 
the enclosure. These conditions are given as: 
1. The maximum flux condition: 
Infrared flux = 28.536 BTU/HR-FT2 
Solar flux = 15.310 BTU/HR-Ft'! 
2. The average flux condition; 
Infrared flux = 13.485 BTU/HR-FT2 
Solar flux = 9.344 BTU/HR-FT2 
J. The minimum flux condition: 
Infrared flux= 11.145 BTU/HR-FT3 
Solar flux = 0.0 BTU/HR-FT3 
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Because of numerical requirements in the computer program, the 
solar flux of condition #J could not be used. The actual value that was 
assigned to the solar flux was 0.001 BTU/HR-FT2. 
The final consideration for the thermal environmental conditions 
included the possibility of departing from the physical structure, as 
already considered in the derivation of the equations which will be used 
in the optimization program. Since it would present too limited an 
approach in accomplishing this t~sk by considering other structural 
arrangements, it was decided to consider the inclusion of miscellaneous 
inputs to the radiator, the sides, and the reflector. In order to 
determine what these powers might be, it is noted that if radiator 
temperatures in the order of 200°R are to be considered, then for one 
square foot of area, the maximum power rejection would be 2.74 BTU per 
hour. For the sides and the reflector, higher temperatures and corre-
spondingly higher powers would result. Based on this rationale, the 
following powers were chosen for consideration: 
1. O.O BTU/HR. 
2. O.J41 BTU/HR. 
J. J.41 BTU/HR. 
The optimiz~tion of the entire system then considers the possible 



















































The optimization for the proposed design can be stated as the 
minimization of the radiator emissive power, E1, where E1 is a function 
of the 16 independent parameters: 
E1 = E1 (a' b ' c' s ' Pi ' Pa ' ••• ' Pi 2 ) C8-1) 
The parameters a, b and c are the geometrical dimensions of the enclo-
sure and the angle S is the angle defining the positioning of the 
reflector. The parameters p1 through p12 are the thermal surface 
parameters, as described by Equation (7-41). 
Initial consideration was to produce this optimization problem 
through the solution of the equation 
0 . (8-2) 
Preliminary considerations, however, indicated that this solution 
may not exist for real surface properties, and therefore, a decision 
was made to consider a numerical solution on the digital computer which 
would solve the equation 
Ei .. minimum 
(8-J) 
The problem was solved by treating the geometrical and the thermal 
parameters separatelyo This allowed the optimization of the geometrical 
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parameters to be treated as an individual problem, based on the results 
of the previous thermal analysis which considered the JOO, 600, and 900 
statute mile circular polar orbits. 
The geometric parameters associated with the design include,three 
linear dimensions and the reflector angle. Three of these parameters 
were initially defined by the reflector design criterion, as described 
in Appendix Ao These include the height, the width of the closed side 
and the reflector angle. The remaining parameter is the width of the 
open sidee 
In consideration of the model configuration, it was evident that 
the optimization of the open side width would occur .as the shape factor 
of the radiator to space increases, while no further increase in power 
input to the radiator is allowed. This would occur as the open side of 
the enclosure becomes very large.. Since this is not practical, a 
criterion was developed that would allow an optimum, yet reasonably 
sized radiator. The dimensions of interest are those that describe the 
open side area. As described in Figure 37, the non-dimensional ratio 
c/a can be considered for this purpose. Since one dimension of the 
enclosure must be chosen to establish a base design, the value of 
b = 12 inches was assumede This assumption is imp.licitly constrained 
by the requirement, established in the preliminary analyses, that the 
radiator area should not be less than one square foot. Through the 
analysis of Appendix A, the value of a is thereby defined as 14.45 
0 
inches and S as 60 • The remaining dimension, c, is left to be 
defined. 
If the radiant inputs to the radiator are considered, neglecting 
the lower order reflection terms, an indication of the effect of the 
' ' ' 
/3 
' / ,."" ' / / '-v~"" 
Figure 37. Enclosure Geometry 
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open side, Side c, can be determined as follows. From an energy balance 
on the radiator, the blackbody emissive power of the radiator can be 
written as: 
(8-4) 
From the results of the previous analysis as shown in Figure 28, 
the following approximation between the side and the reflector 






Using T2 290° R and T4 340° R, 
4 is obtained as = a value of ka 
k4 a = o.853 (8-6) 
so that 
E2 = 0.853 E4 (8-7) 
Substituting Equation (8-7) into Equation (8-4) there results 
{.8-8) 
which is of the form: 
(8-9) 
where 
( 1.706 A2F2_1 + .50 ~F4-l) K* = A F 
1 1-o 
(8-10) 
* As K becomes smaller, the value of E1 also becomes smaller. 















parameter c/a, the ratio of the enclosure height to the open side 
width. The curve indicates that as the open side dimension, c, 
increases, K* causes the radiator temperature to decrease. K* is 
nearly constant for values of c/a ? 1.25. The value of c/a = 0.83 is 
the value used for the previous analysis. The dimensional values as 
used in the previous work for the 600 statute-mile circular orbit may, 
therefore, be slightly improved to yield a more optimum design. This 
change increases the radiator area to 1.51 square feet. The new 
dimensional parameter values are: 
a 14.5 inches 
b 12 inches 
c 18. 1 inches 
In light of this result, one can see that a similar situation does 
not exist for the optimization of b/a. If a is held constant and b is 
increased, then surface (1) could see itself in the reflector, and this 
contradicts the design constraint as outlined in Appendix A. If b is 
decreased by a constant, then ~ must also change. This would increase 
the view factor of surface (1) to space but the area of surface (1) 
would decrease below the desired value of 1.51 square feet as just 
established. 
The change in the c dimension causes a slight increase in the view 
factor to space, but more importantly, increases the radiating area of 
the radiator by almost 50 per cent. There will be a proportional 
increase in the environmental input to the enclosure; however, this will 
be much less than 50 per cent. The shape factors, as used in the 
previous study would still be valid for the optimized enclosure 
dimensions, due to the absolute accuracy of their prediction methods. 
CHAPTER IX 
RESULTS 
Two modes of analysis of the thermal parameters were considered 
for this problem. The first was an exploratory mode in which the 
general response of the parameters were investigated with direct appli-
cability to a set of engineering surfaces, while restraining the param ..... 
eters. to what· was considered realistic bounds. The second mode was 
an actual surface definition for the optimum design. The series of 
analyses for this final design are noted as Series M and all other work 
was preliminary to this s.eries.. The discussion. of these modes will be 
considered separately. The optimized results and the sensitivity 
analyses are presented in tabular form in Appendix D. 
Preliminary investigations show two main points. First, for the 
low heat loads being considered, the radiator should not be a black 
surface as originally assumed, but should have a relatively lower 
absorptance in the infrared in the order of 0.7. The diffuse infrared 
component of reflectance optimizes at a value of 0.0; however, for this 
analysis, a minimum value of o.oli:58 or 0.05 was set as a constraint 
depending on the computer run considered. The solar absorptance of the 
radiator optimizes at a value of O.O and, therefore, a constraint of a 
solar absorptance of 0.05 was established. The sides and the reflector 
optimized in a method similar to each other. The true optimum defined 
a specular reflectance of 1.0 in both the infrared and solar spectra. 
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An initial constraint of an absorptance of 0.10 for both spectra 
yielded the optimum reflectance being a specular reflectance of 0.90 
with a diffuse component of o.o. Consequently, an additional constraint 
for a diffuse reflectance minimum of 0.05 was added. False optimum 
points due to the predetermined sensitivity considered for the merit 
function showed up in some of the results in the solar spectrum 
reflectances. This consistently yielded specular reflectances of o.44 
and diffuse reflectances of 0.43. A sensitivity check on these para-
meters showed that the analysis was quite insensitive to a variation in 
these parameters. However, the true optimum values were consistent with 
the previous pattern of a high specular value and a low diffuse value. 
This is true for both the solar and the infrared spectra. 
Since the actual design of the cryostat must be of parametric 
interest at this stage, the optimization of the parameters was con-
sidered for typical environmental fluxes, as previously used in the 
transient analysis. Three environmental positions were considered: 
1. A minimum flux which corresponds to the satellite being 
in the earth's shadow. 
2. A maximum flux which corresponds to the maximwri albedo 
flux position in orbit. 
3. An average flux which corresponds to the position of 
average solar albedo input. 
The values obtained for these fluxes are listed in Chapter VII. 
These fluxes correspond to the powers entering the enclosure and 
were originally obtained from the data of Appendix B. 
Further parametric information of interest are the energy inputs 
to each of the sides of the enclosu~e, in addition to that conducted 
through the insulation. This would produce a useful set of optimized 
design data relating to the enclosure. 
Bo 
The tables of Appendix D present the design results and a sensi-
tivity analysis of the models considered. Temperatures are given to one 
degree Rankine. Although this shadows some of the small temperature'. 
effects, particularly as concerns P3 and P4 of Series M, they are not 
felt to be important in light of the accuracy of the design effort. 
Blanks in the tables are read as the last value to the far left of the 
particular row. The first column of data presents the optimized para-
meters as obtained in the analysis. The adjacent columns present vari-
ations in these parameters. These variations indicate the shape of the 
temperature merit surface in the neighborhood of the; optimum paramete~. 
In many cases, the variation of the parameter cause the constraint to be 
.exceeded. These cases verified the preliminary indications that were 
used in the introduction of these constraints. An example of this is 
seen in Table XXVI where the value of Ti is reduced to 209° R due to the 
decrease in the diffuse reflectance below the constrained valu.e of 0.05. 
The final ·optimization study is made for various orbital heating 
conditions and various suitable internal heating levels, and is noted 
as Series M. The optimum parameters are given in Tables LXII to LXXXII. 
The solar reflectances of the radiator are very insensitive ~o 
changes in energy inputs. Any value that was considered for these 
parameters within the constraints made less than 1.0° R difference in 








Second Surface Mirrors 
Highly Polished, G9ld-Plated :Aluminum . 
Highly Polished, Gold-Plated Aluminum 
Without explicit consideration, the exterior surfaces of the 
enclosure can be seen to require a low a/e stable coating. The temper-
atures assumed for these surfaces in the analyses are typical for this 
type of coating. 
The resulting temperature predictions for the interior surfaces of 
the enclosure are presented in Figures 39 to 41. The temperatures are 
plotted versus heat load which does not include the conductive input 
through the insulation that is always present from a 520° R exterior 
surface. This heat load to the surface could be due to detector 
Joulean heating, preamplifier heat dissipation, extra support conduc-
tion, radiation chopper and associated drivers, detector irradiation, 
or other miscellaneous items. Typically, the total miscellaneous energy 
should be no more than about Je41 BTU/HR for all surfaces. The variations 
in Q., Qa, and Qs show that the best way to remove this energy, if possi-
ble, would be via the reflector (Q3)Q This would imply that all internal 
dissipation items should be thermally tied directly to the reflector. 
This is not quite true, since the reflector is still a fair.radiant 
source of energy for the radiator. Therefore, it becomes obvious that 
the exterior surfaces of the enclosure, painted with a low a/e coating, 
could be used to dissipate a considerable portion of the energy and, 
thereby, reduce the direct radiative load on the radiator. This could 
be accomplished by a system similar to that shown in Figure 8 in which 
400 
CONDITION A B c 
QI Qi QO 0.0 ,,,.s / 
Q2 0.0 Qi 0.0 / / 
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Figure 39. Parametric Surface Temperatures for Optimum 
Design: Minimum Environmental Heating 
82 
400 
CONDITION A B c 
a, Oi 0.0 0.0 ,,.,,."'B 
Oz 0.0 Qi 0.0 / / 
03 0.0 0.0 Qi 
/ 





/ /c / 
300 / /' / 
a:: // /" 0 .. / 
w I /" a:: I :::> 1/ 
; 
I- 250 <( 
a:: // 

















500 1.0 2.0 3.0 4.0 
Oi, ENERGY IN PUT TO SURFACE, BTU/HR 
Figure 40. Parametric Surface Temperatures for Optimum 
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Figure 41. Parametric Surface Temperatures for Optimum 
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the majority of the heat leak from the satellite could be detoured 
around the radiator to the exterior surfaces of the enclosure. This 
approach has been implicitly incorporated into the analysis by allowing 
the exterior surfaces to be at a fixed temperature of 520° R. 
In Figures 39-41, the surface temperatures of the sides, the 
reflector and the radiator are presented for heating conditions, as 
listed for the table on each figure. For these curves, there is heating 
to only one surface at a time. Figure 42 presents the results for 
heating of all surfaces simultaneously. 
At times, the temperature of the sides is greater than that of the 
reflector. This is due to heat input not being on a per-unit area 
basis. The radiating area of the reflector is greater than that of the 
sides and this radiating area effectively overcompensates to yield a 
lower temperature. 
Figures 39-42 present what is labeled as the perfect radiator 
curve. This was calculated for a surface of equal area and emittance, 
but having a view factor to space of unity. As the power in~ut to the 
radiator is increased, other powers being zero, the optimum design 
temperature approaches the perfect radiator condition. This is shown 
as radiator Condition 11A11 • Conditions 11 B11 and 11C11 for the radiator do 
not show the results for direct heating to the radiator, but that which 
is conducted through the insulation from the reflector or the sides. 
The reflector is being heated for Condition 11C11 and the sides are heated 
for Condition 11 B11 • 
At an energy input to the surface of Qi= O.O, the resulting 
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Figure 42. Parametric Surface Temperatures for Optimum 
Design: Equal Power for All Surfaces 
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conducted input through the insulation from 520° R surfaces and 
environmental heating through the enclosure opening. 
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From Figures 39 through 41 it may be noted that as the energy input 
to the surfaces increases to about 2.0 BTU/HR there is little difference 
in the resulting radiator temperatures for the various environmental 
heating conditions. This is a very important advantage in that a 
realistic cooling system for detectors would have a temperature 
stability criterion depending on the desired accuracy of the detector. 
The radiator is, therefore, sufficiently detached from the environmental 
energy inputs, which are highly transient, to provide this potentially 
stable sink for the detector. Although the analysis does not include 
the effects of transients on the external surfaces of the enclosure or 
due to the operation of internal mechanisms, it is felt that these 
problem areas are relatively minor and would be sensitive to the design 
of a particular instrument. 
CHAPTER X 
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
The primary objective of this study has been to design an opti-
mized, passive, cooling system which could provide a heat sink for 
infrared detectors in a thermally severe earth orbit. The design goal 
was to provide a minimum, circular polar orbit which would result in a 
maximum radiator temperature of 200° R, while absorbing typical heat 
loads expected in such an environment, and of such a system. 
Preliminary design considerations showed that for a maximum reli-
ability (minimum solar degradation) of the thermal control surfaces, a 
radiator which is protected from direct solar irradiation must be used. 
The proposed enclosure initially utilized a black radiator with highly 
specularly reflecting sides and a reflector to prevent the irradiation 
of the radiator by earth :infrared or albedo. Considering specular-
diffuse reflections within the enclosure of the proposed design, 
analytical models were developed for circular polar orbits that were 
sun synchronous at the local noon and for altitudes of 300, 600 and 900 
statute miles. The enclosure attitude was earth-oriented, thus 
allowing a consistent view to the earth by any detector foreoptics. 
The 200° R maximum radiator temperature established the 600-mile circu-
lar orbit as the minimum feasible orbit altitude and, therefore, the 
altitude adopted for the remainder of the analyses. 
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Thermal vacuum tests were conducted for a one-half scale radiative 
model, irradiated by a 11hot plate" infrared source. Through compari'son 
with the analytical predictions for the tests, the resqlts confirmed 
the required confidence in the analytical techniques adopted for the 
study. 
The optimization in the geometry for the 600-mile orbit model 
resulted in the consideration of a feasibility constraint rather than 
the choice of a true optimum due to the unacceptable system size 
resulting from the optimization process. 
The analytical model was then refined to include higher order 
specular reflection terms and a set of non-linear algebraic equations 
were derived from an energy balance on the system. The solution of 
these equations was accomplished by an iterative procedure while simul-
taneously optimizing the thermal radiative surface properties of the 
system. The optimization was accomplished by a grid search computer 
routine. 
The optimization procedure was based on the solution for the mini-
mum radiator temperature for three sets of environmental conditions 
representing the maximum, the minimum, and the average infrared and 
solar heating, as well as suitable internal heating of the various 
internal components of the enclosure. 
The final optimization model, Series M of Appendix D, indicated 
that the surface thermal properties were the same for all boundary con-
ditions considered. A major change in the proposed model resulted from 
the fact that the optimum radiator emittance was not unity as had been 
previously assumed, but was closer to a value of 0.7. Such would be 
the case for second surface mirrors. Also, the radiator area was 
increased by 50 per cent. 
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The major advantages of the system include high reliability, low 
weight, long life, simplicity, and the ability to operate in a low 
thermally severe orbit. As the orbit altitude increases, the need for 
such a system decreases since the high input due to earth infrared 
decreases. A more simple arrangement, such as a flat plate-second 
surface mirror radiator system, held normal to the earth's surface and 
directed away from the sun, would then be suitable for the same temp-
erature level. The primary feature of the present design is that it 
provides a way to eliminate a direct earth emission or albedo 'input to 
the radiator. As compared to the flat plate arrangement just discussed, 
this reduces the direct environmental heating by 95 per cent,· assuming ·; ·'' 
the diffuse reflectance of the internal surfaces is about five per cent. 
As the altitude of the orbit increases, the absolute magnitude of this 
term approaches that of the internal heating and, consequently, little 
gain would result from such a design over the flat plate. 
The use of this passive cooling method may be adapted to provide 
low-power input sinks for many other applications. A notable example 
would be the cooling for an inflight calibration source as used by 
microwave detectors. 
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APPENDIX A 
REFLECTOR DESIGN METHOD 
In order to optimally position the reflectors, two variables must 
be simultaneously considered. These are the radiator size and the orbit 
altitude. 
A satellite in a circular orbit of altitude Ao sees the earth 
through a conical angle of ~Ao as shown in Figure ~Ja. Insofar as the 
geometric shape factor to earth is concerned, the effective earth disc, 
as defined by the conical angle between the satellite and the spherical 
earth may be considered to take the place of the earth. 
If the open side of the enclosure is now considered, all energy 
arriving at the enclosure from either earth emission or albedo, neglect-
ing the input from the atmosphere, must come from a conical angle of 
less than ~Ao' where ~Ao is defined as 
Q • _1 ( r • :"\ 
"'Ao = sin "-X. + Ao/ 
where r 8 = earth radius (3970 statute miles). 
(A-1) 
A radiator dimension X is chosen to be the same as that of the top 
of the reflector. In order to allow for some small error in the 
positioning of the enclosure, a small increment of ~X is added to each 
·side of the radiator, making the entire dimension of interest equal to 
X + f).X. 
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(a.) EARTH DISC 
E 
EARTH DI SC 
Cf. 
( b) REFLECTOR DESIGN 
Figure 43. Reflector Design Geometry 
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A ray is constructed through points P and the edge of the earth 
disc, E. At the intersection of this ray and the centerline, a line is 
constructed normal to the ray and extending to the right a distance of 
X/2, ending at a point directly over the edge of the radiator, and thus 
forming the triangle shown in Figure 4Jb. 
If the maximum value of S is thus defined 9 then any beam of energy 
originating at an angle less than S will specularly reflect in the 
enclosure due to the reflectors, and will eventually leave the enclosure. 
Consequently, a minimum value of S is determined. 
If the dimensions X and 6X, and the satellite altitude A0 are 
chosen, then the dimensions of the optimum enclosure are given by the 
following equations: 
H == h + d (A-2) 
(A-3) 
d = (A-4) 
Since S has been chosen considering the earth disc, and since the 
earth disc is at the larger S than any point on the radiator, then any 
energy that leaves the radiator and specularly reflects from the 
reflectors will also leave the enclosure. Further, it may be seen that 
any energy leaving the radiator will leave the enclosure, due to 
specular reflections where combinations of specular reflections occur 
from either the sides and/or the reflector. 
Since it is impossible to obtain perfect specular reflectors, con-
sideration will be made of the possibility of both specular and diffuse 
reflectances in the analysis. 
Equations (A-1) and (A-2) were solved for various orbit altitudes, 
and the results are shown in Figure 44 which presents the enclosure 


































ENVIRONMENTAL HEAT INPUTS TO THE CRYOSTAT ENCLOSURE 
The major assumptions made in considering the dynamics of the 
environmental heat flux are as follows: 
1. Diffuse reflections were ignored. 
2. Specularly reflected energy was ignored after the 
second reflection. 
A further assumption was that the radiation conductance between the two 
sides of the enclosure was not included in the analysis, since the sides 
are expected to have equal radiosities. 
Based on these assumptions, the heat flux to the interior nodes of 
the cryostat enclosure were treated as individual heat inputs to each 
surface, and consideration was given to the energy entering the enclo• 
sure until after its second specular reflection. In order to determine 
the absorbed flux for each interior surface of the enclosure, first con-
sider the energy which enters the open face. The earth's radiosity is 
considered as separable into the infrared and solar spectra, and the 
total irradiation of .the open face of the enclosure is given as 
(B-1) 
(B-2) 
where G is the irradiation, J is the radiosity, A is the area and F is 
the shape factor. The subscript e refers to the earth and 0 refers to 
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the open face. 
Using reciprocity and separating the energy spectra, Equation (B-2) 
may be rewritten as 
(B-J) 
(B-4) 
Values for Go, s 9 Go, IR 9 and F0 _ 1 were obtained from the computer 
program ORAD as functions of position in orbit and, therefore 9 time. 
These values are presented in Tables VI to XVII. The' surfaces for 
these tables are described in Figure 45 where 
Go, s - Qsolar (B-5) 
Go, IR - QIR (B-6) 
Fo-e - F (B-7) 
and the terms on the right side of these equations are those appearing 
in the tables of this Appendix. The effective radiosity of the earth is 
then given as 
(B-8) 
(B-9) 
The radiator receives no direct or specularly reflected energy from 
the earth and its environmental inputs are thereby given as 
(B-10) 
Qs,1 o.o (B-11) 
TABLE VI 
SURFACE 1 AND J HEAT FLUX; JOO MILE CIRCULAR POLAR ORBIT 
e T Qp QPR Os 0 solar QIR F 
0. o. 0 16.891 2. 109 o. 0 2. 109 16.891 o. 31302 
15. 0.065 15. 366 0.005 0.0 0.005 15. 366 0.27138 
21. 0.092 15. 898 0.000 o.o 0.000 15.898 0. 27182 
SH 22. 0.096 16.054 0. 0 o. 0 0.0 16.054 o. 27242 
SH 30. o. 131 16. 194 o. 0 o.o o. 0 16. 194 0.26253 
SH 45. o. 196 18.682 o. 0 0. 0 o. 0 18.682 0.27513 
SH 60. 0.262 20.782 0.0 0.0 0.0 20.782 0.27856 
SH 75. 0.327 21:·648 o. 0 0.0 0.0 21. 648 0.28106 
SH 90. o. 393 21.514 0.0 o.o 0.0 21. 514 0.28179 
SH 105. 0.458 21. 936 o. 0 o.o 0.0 21. 936 0.28086 
SH 120. 0. 524 21. 321 ·O. 0 o. 0 0.0 21. 321 0.27856 
SH ·135. 0.589 19. 696 o.o 0. 0 o.o 19. 696 0.27513 
SH 150. 0.654 17. 536 o. 0 o.o 0. 0 17.536 0.26230 
SH 158. 0.689 17. 127 o." o o.o 0.0 17. 127 0.27217 
159. 0.694 16. 960 0.000 o. 0 0.000 16. 960 0.27182 
165. o. 720 16.345 0.006 0.0 0.006 16.345 0.27123 
180. 0. 785 15.906 2.294 o. 0 2.294 15.906 0.27195 
195. 0.851 16.345 18.259 0. 0 18.259 16.345 0.27123 
210. 0. 916 17. 085 27.605 0. 0 27.605 17.085 0.25551 
225. 0.982 19. 573 30.524 0. 0 30.524 19. 573 0.27341 
240. I. 047 21. 321 29. 195 o. 0 29. 195 21. 321 0. 27856 
255. I. 113 21. 936 36.218 o. 0 36.216 21. 936 0.28086 
270. 1. 178 21. 514 41. 515 o. 0 41.515 21. 514 0.28179 
285. I. 243 21. 616 33 •. 902 0. 0 33.902 21. 616 0.28065 
300. 1. 309 20.782 28.475 o. 0 28.475 20. 782 . 0.27856 
315. L 374 18.567 28.743 0.0 28.743 18.567 o. 27341 
330. I. 440 15. 764 21. 831 0. 0 21.831 15. 764 0.25552 
345. 1. 505 16.366 16.734 o. 0 16.734 15. 366 0.27138 




SURFACE 2 HEAT FLUX; JOO MILE CIRCULAR POLAR ORBIT 
-
e T Qp QPR Os Q solar QIR F 
o. o. 0 17. 275 6.844 447.340 454. 184 17. 275 0.32010 
15. 0.065 15.806 0.046 432.097 432. 144 15.806 0.28464 
21. 0.092 15. 758 0.000 417.628 417.628 15. 758 0.28062 
SH 22. 0.096 14.804 0.0 o. 0 0. 0 14.804 0.26319 
SH 30. o. 131 15. 965 o. 0 o.o o. 0 15. 965 0.26836 
SH 45. o. 196 18. 566 o.o 0.0 0. 0 18.566 0.28056 
SH 60. 0.262 20.353 o.o Q. 0 o.o 20.353 0.28176 
SH 75. 0.327 21. 674 0.0 o. 0 o. 0 21. 674 0.28183 
SH 90. 0.393 21. 294 o. 0 0.0 0.0 21. 294 0.28183 
SH 105. 0.458 21. 937 0.0 o. 0 0.0 21. 937 0.28183 
SH 120. o. 524 22.066 o. 0 o. 0 0.0 22.066 0.28177 
SH 135. 0.589 20.456 o. 0 0. 0 0. 0 20.456 0.28152 
·SH 150. 0.654 19. 458 0.0 o. 0 0.0 19. 458 0.27998 
SH 158. 0.689 17.193 0.0 o. 0 o. 0 17. 193 0.26390 
159. 0.694 18. 176 0. 0 0. 0 o.o 18.176 0.28048 
165. 0. 720 17. 196 0. 0 0. 0 o. 0 17. 195 0.27981 
180. o. 785 15. 907 o. 0 o. 0 o. 0 15. 907 0.27195 
195. 0.851 16.621 12.863 o. 0 12.863 16.621 0.28001 
210. 0. 916 17.023 27.053 o. 0 27.053 . 17. 023 0.26836 
225. 0.982 19. 817 31. 059 0. 0 31. 059 19. 817 0.28056 
240. 1. 047 20. 944 28.821 0.0 28.821 20.944 0.28176 
255. 1. 113 22.031 34.206 o. 0 34.206 22. 031 0.28183 
270. 1. 178 21. 812 41. 750 0.0 41. 750 21. 812 0.28183 
285. 1. 243 21. 598 36.703 115. 776 152.479 21. 598 0.28183 
300. 1. 309 21. 550 29.002 223.666 252.668 21. 550 0.28178 
315. 1. 374 19. S96 30.SSO 316.314 346.864 19. 596 0.281S2 
330. 1. 440 17. 814 26. 174 387.406 413.S79 17.814 0.27998 
345. 1. SOS 16. 142 21. 22S 432.096 4S3.321 16. 142 0.27981 




SURFACE 4 HEAT FLUX; JOO MILE CIRCULAR POLAR ORBIT 
e T Qp QPR Os 0 solar QIR F 
0. 0. 0 16.946 o. 0 o. 0 0.0 16.946 0.31406 
15. 0.065 16. 142 0. 0 0. 0 o.o 16. 142 0.2798? 
21. 0.092 16.949 0. 0 0. 0 0. 0 16.949 0.28048 
SH 22. 0.095 16.002 0.0 o. 0 0.0 16.002 0.26391 
SH 30. 0. 131 17. 815 o. 0 0.0 0. 0 17.815 0.27998 
SH 45. 0. 196 19.596 o. 0 o. 0 o. 0 19. 596 0.28152 
SH 60. 0.262 21. 550 0. 0 0. 0 o. 0 21. 550 0.28177 
SH 75. o. 32·1 21. 598 0.0 0.0 0.0 21. 598 0.28183 
SH 90. 0.393 21.812 o. 0 0. 0 0. 0 21. 812 0.28183 
SH 105. 0.458 22.031 0. 0 o.o 0.0 22. 031 0.28183 
SH 120. 0.524 20.944 0. 0 o. 0 0.0 20.944 0.28176 
SH 135. 0. 589 19. 817 o. 0 o. 0 o. 0 19. 817 0.28056 
SH 150. 0.654 17.023 o. 0 o. 0 o. 0 17.023 0.26836 
SH 158. 0.689 15.739 o. 0 o. 0 o.o 15.739 0.26309 
159. 0.694 16.745 0.000 417.626 417.626 16.745 0.28033 
165. 0. 720 16. 621 0.052 432.097 432. 148 16.621 0.28000 
180. 0.785 16.322 7.444 447.340 454.784 16.322 0.27906 
195. 0.851 17.195 24.366 432.098 456.464 17.195 0.27981 
210. 0.916 19.458 31. 687 387.409 419. 096 19.458 0.27998 
225. 0.982 20.456 31. 490 316.319 347.809 20.456 0.28152 
240. I. 047 22.066 31. 278 223.673 254.951 22.066 0.28177 
255. I. 113 21. 936 38.710 115. 783 154 •. 494 21. 936 0.28183 
270. 1. 178 21. 294 40.321 0.004 40.325 21. 294 0.28183 
285. 1. 243 21. 674 31. 909 o. 0 31. 909 21. 674 0.28183 
300. 1. 309 20.353 29.460 o. 0 29.460 20.353 0.28176 
315. 1. 374 18. 566 27.871 o. 0 27.871 18. 566 0.28056 
330. 1. 440 15. 965 20.901 0.0 20;901 15. 965 0.26836 
345. 1. 505 15. 806 12. 128 0. 0 12. 128 15. 806 0.28463 





SURFACE 5 HEAT FLUX; JOO MILE CIRCULAR POLAR ORBIT 
8 T Qp UPR Os 0 solar QIR F 
o. o. 0 o. 0 o. 0 .o. 000 0.000 o. 0 0.0 
15. o. 065 o. 0 0. 0 o. 0 o. 0 o. 0 0. 0 
21. 0.092 o. 0 o.o o. 0 o. 0 0. 0 0. 0 
SH 22. 0. 096 o.o 0. 0 o. 0 0.0 o.o 0. 0 
SH 30. 0. 131 o. 0 o. 0 o. 0 o. 0 0.0 0.0 
SH 45. 0. 196 0. 0 0. 0 < o. 0 0.0 0. 0 0.0 
SH 60. 0.26Z o. 0 0.0 0. 0 o.o 0.0 o.o 
SH 75. 0. 3Z7 0. 0 0.0 o. 0 o.o 0. 0 0.0 
SH 90. 0.393 o. 0 0. 0' o. 0 o.o o.o 0. 0 
SH 105. 0.458 o. 0 0.0 o. 0 0.0 0.0 o.o 
SH 120. 0.5Z4 0.0 o. 0 o. 0 0. 0 o. 0 0. 0 
SH 135. o. 589 0. 0 o. 0 o. 0 o. 0 o. 0 0.0 
SH 150. 0.654 0. 0 o. 0 o.o o. 0 o. 0 0. 0 
SH 158. 0.689 o. 0 o.o o.o o. 0 o.o 0. 0 
159. 0.694 o. 0 o. 0 o. 0 o. 0 o.o o.o 
165. o. 720 0. 0 o. 0 o. 0 o. 0 o. 0 o.o 
180. 0. 785. o. 0 o. 0 o. 0 o. 0 o. 0 0.0 
195. 0.851 o.o o. 0 115. 778 115. 778 o.o o. 0 
210. 0.916 o. 0 o. 0 ZZ3.668 223.668 o. 0 0.0 
Z25. 0.982 o.o o. 0 316. 315 316.315 o. 0 o. 0 
240. 1. 047 O.'O o. 0 387. 406 387.406 o.o 0.0 
255. 1. 113 o. 0 o. 0 432.097 432.097 o. 0 o. 0 
Z70. 1. 178 o. 0 o. 0 447.340 447.340 o. 0 o. ·o 
285. 1. 243 o. 0 o. 0 432.098 432.098 o. 0 o. 0 
300. 1. 309 o. 0 o. 0 387.410 387.410 o. 0 o.o 
315. 1.374 o. 0 o. 0 316.320 316.320 o. 0 o. 0 
330. 1.440 o. 0 0.0 223.674 223.674 o. 0 o.o 
345. 1. 505 o. 0 o. 0 115. 785 115. 785 o. 0 o. 0 




SURFACE 1 AND 3 HEAT FLUX; 600 MILE CIRCULAR POLAR ORBIT 
e T Qp QPR Os 0 solar QIR F 
o. 0.0 11. 262 2.336 0.0 2.336 11. 262 0.20400 
15. 0.072 11. 363 0.070 0. 0 0.070 11. 363 0. 19818 
29. o. 140 12. 256 0.000 0. 0 0.000 12.256 o. 19856 
SH 30. o. 145 11. 146 0. 0 o.o 0.0 11. 146 0. 17915 
SH 45. 0. 217 13.374 o. 0 o. 0 o. 0 13. 374 0.19604 
SH 60. 0.290 14.837 0. 0 0. 0 o. 0 14.837 0. 19942 
SH 75. 0.362 15.346 0. 0 0. 0 o. 0 15. 346 0.20006 
SH 90. 0.435 15. 310 0. 0 o. 0 o. 0 15. 310 0.20003 
SH 105. 0. 507 15. 574 o. 0 0. 0 0. 0 15.574 0. 19988 
SH 120. 0.580 15. 229 o. 0 0. 0 0. 0 15.229 0. 19942 
SH 135. 0.652 14.086 0. 0 0. 0 0. 0 14.086 o. 19604 
SH 150. o. 725 12.027 o. 0 o. 0 9.0 12. 027 o. 17894 
151. 0. 730 11. 844 0. 0 o. 0 0. 0 11. 844 0. 17650 
165. 0.797 12. 111 0. 075 o. 0 0.075 12. 111 o. 19793 
180. 0.870 11. 735 2.560 o.o 2.560 11. 735 0. 19787 
195. o. 942 12. 111 12.676 0.0 12.676 12. 111 0. 19793 
210. 1. 015 11. 560 18. 103 o. 0 18.103 11. 560 o. 17193 
225. 1. 087 13.882 20.979 o. 0 20.979 13.8~2 o. 19317 
240. 1. 160 15. 183 21. 084 0. 0 21. 084 15. 183 0. 19881 
255. 1. 232 15. 574 25.540 o. 0 25.540 15. 574 0. 19988 
270. 1. 305 15.310 28.536 o. 0 28.536 15. 310 0.20003 
285. 1. 377 15. 319 24.080 o. 0 24.080 15. 319 o. 19970 
300. 1. 450 14.792 20.419 o. 0 20.419 14.792 0. 19881 
315. 1. 522 13. 182 19. 671 o.o 19.671 13. 182 0.19317 
330. 1. 594 10.701 14.694 o. 0 14.694 10. 701 o. 17193 
345. 1. 667 11. 364 11. 096 0.0 11. 096 11. 364 0. 19818 





SURFACE 2 HEAT FLUX; 600 MILE CIRCULAR POLAR ORBIT 
e T Qp QPR Q s 0 solar QIR F 
0. 0.0 11. 548 7.581 447.340 454.9ZO 11. 548 0. Z0917 
15. 0.07Z 11. 438 0.454 43Z.097 43Z. 551 11. 438 0.Z076Z 
29. 0. 140 11. 580 0.000 391. 253 391. Z53 11. 580 o. 19817 
SH 30. o. 145 10. Z07 o. 0 0.0 0.0 10. Z07 o. 17362 
SH 45. 0.Zl7 12. 636 0.0 0.0 0.0 lZ. 636 0. 19579 
SH 60. 0.Z90 14. 148 0.0 0.0 0.0 14. 148 0. 19959 
SH 75. 0.36Z 15.Z47 0.0 0.0 0.0 15.Z47 0. 19998 
SH 90. 0. 435 15". ZlO 0.0 0.0 0.0 15.ZlO 0.20005 
SH 105. 0.507 15.468 0.0 o.o 0.0 15.468 0. 19996 
SH 12°0. 0. 580 15. 634 0.0 0.0 0.0 15.634 0. 19980 
SH 135. 0. 652 14.788 0.0 0.0 0.0 14.788 0. 19946 
SH 150. 0. 7Z5 13.896 0.0 0 .. 0 o.o 13.896 0. 19781 
151. 0.730 13.800 0.0 o.o 0.0 13.800 0. 19756 
165. 0.797 1Z.64Z 0.0 o.o 0.0 1Z.64Z 0. 19883 
180. 0. 870 11. 735 o.o 0.0 0.0 11. 735 0. 19787 
195. 0.942 11. 81Z 6.415 
' 
0.0 6.415 11. 812 0. l 9;973 
ZlO. l. 015 10.880 15.853 o.o 15.853 10.880 0. 17363 
ZZ5. l. 087 13.608 Zl. 597 0.0 Zl. 597 13.608 0. 19579 
Z40. l. 160 14.666 Z0.868 0.0 20.868 14.666 0; 19959 
Z55. l. Z32 15.563 ZZ.878 0. 0 2Z.878 15.563 0. 19998 
Z70. l. 305 15.530 Z8.Z99 0.0 Z8.Z99 15.530 0.Z0005 
285. 1.377 15.Z50 Z7.475 115.776 143.251 15.Z50 0. 19997 
300. l. 450 15.317 21. 736 223.666 Z45.403 15.317 0. 19980 
315. 1.52Z 14.29Z 20.940 .316. 314 337.254 14.292 0. 19947 
330. 1.594 12.889 19.285 387.405 406.690 12.889 0. 19781 
345. l. 667 11. 804 15.260 43Z.096 447.355 11. 804 o. 19888 





SURFACE 4c HEAT FLUX; 600 MILE CIRCULAR POLAR ORBIT 
e T Qp QPR Os 0 solar QIE\ F 
0. 0.0 11. 271 0.0 0.0 0.0 11. 271 0.20415 
15. 0. 072 11. 804 0.0 0.0 0.0 11. 804 0. 19883 
29. 0. 140 12.886 0.0 0.0 0.0 12.836 o; 19802 
SH 30. 0. 145 12.890 0.0 0.0 0.0 12.890 0.1978Z 
SH 45. 0.217 14.-292 0.0 0.0 0.-0 14.292 0. 19947 
SH 60. 0. 290 rs. 31-Y 0.0 0.0 0.0 15.317 0. 19980 
SH 75. 0.362 15.250 0.0 0. 0 0.0 15.250 0. 19997 
SH 90. o. 435 15. 530 0.0 0.0 0.0 15.530 0.20005 
SH 105. 0.507 15.563 0.0 0.0 0.0 15.563 0. 19998 
SH 120. 0. 580 14.666 0.0 0.0 0.0 14.666 0. 19959 
SH 135. 0.652 13.608 0.0 0. 0 0.0 13.608 0. 19579 
SH 150. 0. 725 10.880 0.0 0.0 0.0 10.880 o. 17363 
151. 0.730 10.695 0.0 391. 249 391. 249 10.695 o. 17067 
165. 0.797 11. 812 0.492 432.097 432.588 11. 812 0. 19973 
180. 0. 870 12.042 8.305 447.340 455.645 12.042 0.20304 
195. 0.942 12.642 18.644 432.098 450.741 12.642 o. 19882 
210. 1. 015 13.896 22.279 387.409 409.688 13.896 0. 19781 
225. 1. 087 14.788 21. 253 316.319 337.572 14.788 0. 19946 
240. 1. 160 15.634 23.355 223.673 247.028 15. 634 0. 19980 
255. 1. 232 15.468 28.433 115.733 144.216 15.468 0. 19996 
270. 1. 305 15.210 27.084 0.004 27.088 15.210 0.20005 
285. 1. 377 15.247 Zl. 511 o.o Zl. 511 15.247 0. 19998 
300. 1. 450 14. 148 20.758 0.0 20.758 14.148 0. 19959 
315. 1. szz 12.636 18.484 0.0 18.484 12.636 0. 19579 
330. 1. 594 10.207 12.731 0.0 12.781 10.207 0.17363 
345. 1. 667 11. 438' 6.000 0. 0 6.000 11. 438 0.20762 





SURFACE 5 HEAT FLUX; 600 MILE CIRCULAR POLAR ORBIT 
e T Qp QPR os Q solar QIR F 
0. 0.0 0.0 0.0 0.000 0.000 0. 0 0.0 
15. 0.072 o. 0 0.0 0.0 0.0 0.0 0. 0 
29. 0. 140 0.0 0.0 0.0 0.0 0.0 0.0 
SH 30. o. 145 0.0 0.0 0.0 0.0 0.0 0. 0 
SH 45. 0.217 0.0 0.0 0.0 0.0 0.0 0.0 
SH 60. o. 290 0.0 0.0 0.0 0.0 0.0 0.0 
SH 75. o. 362 0.0 0.0 0.0 0.0 o. 0 o. 0 
SH 90. o. 435 0.0 0. 0 0.0 0.0 0. 0 0.0 
SH 105. 0.507 0.0 0.0 0.0 0.0 0.0 0.0 
SH 120. 0.580 0.0 0.0 0.0 0. 0 0.0 0.0 
SH 135. o. 652 0.0 0.0 0.0 0.0 o. 0 0.0 
SH 150. o. 725 0.0 0.0 0.0 0.0 0.0 0.0 
151. 0. 730 0.0 0.0 0.0 0.0 ·O. 0 0. 0 
165. 0.797 0.0 0. 0 0.0 0.0 0.0 0.0 
180. 0.870 0.0 0.0 0.0 0. 0 0. 0 0.0 
195. 0.942 0.0 0.0 115. 778 115.778 0.0 0.0 
210. 1. 015 0.0 0.0 223.668 223.668 0.0 0.0 
225. 1. 087 0.0 0.0 316.315 316.315 0.0 0.0 
240. I. 160 0.0 0.0 387.406 387.406 0.0 0.0 
255. 1. 232 0.0 0. 0 432.097 432.097 0.0 0.0 
270. 1. 305 0.0 0.0 447.340 447. 340 0.0 0.0 
285. 1. 377 0. 0 0.0 432.098 432.098 0.0 o.o 
300. 1. 450 0.0 0.0 387.410 387.410 0.0 0.0 
315. 1. 522 0.0 0.0 316.320 316.320 0.0 0.0 
330. 1. 594 0.0 0. 0 223.674 223.674 0.0 0.0 
345. 1. 667 0.0 0.0 115.785 115. 785 0.0 0. 0 





SURFACE 1 AND 3 HEAT FLUX; 900 MILE CIRCULAR POLAR ORBIT 
e T Qp QPR Os Qsolar QIR F 
0. 0.0 8.694 2. li4 0. 0 2. 174 8.694 0. 15470 
15. 0.080 8.886 0. 160 0.0 o. 160 8.886 o. 15306 
30. 0. 159 9. 583 0.001 0.0 0.001 9. 583 o. 15319 
35. 0. 186 9.863 0.000 o.o 0.000 9.863 0.15307 
SH 36. o. 191 9.276 0.0 0.0 0.0 9. 276 0. 14272 
SH 45. 0. 239 10.273 o. 0 0.0 0.0 10. 273 0. 14992 
SH 60. 0. 319 11. 377 0.0 0.0 o. 0 11. 377 o. 15336 
SH 75. o. 399 11. 763 0.0 o.o 0.0 11. 763 0. 15379 
SH 90. 0.478 11. 785 0.0 o.o o. 0 11. 785 o. 15368 
SH 105. 0. 558 11. 938 0. 0 0.0 0.0 11. 938 0. 15363 
SH 120. 0.638 11. 686 o.o 0.0 0.0 11. 686 0. 15336 
SH 135. 0. 718 10.805 0.0 0.0 o. 0 10.805 0. 14992 
SH 144. o. 766 9. 933 0.0 o. 0 0.0 9. 933 o. 14273 
145. o. 771 .9. 810 0.0 0.0 0. 0 9.810 0. 14151 
150. o. 797 10. 300 0.001 0.0 0.001 10. 300 0.15300 
165. 0. 877 9.488 0. 174 0.0 0. 174 9.488 0. 15284 
180. o. 957 9. 195 2.442 0.0 2.442 9. 195 0.15281 
195. I. 037 9.488 9.354 0.0 9. 354 9.488 0. 15284 
210. I. 116 10.299 14.845 0.0 14.845 10.299 0. 15300 
225. 1. 196 10.636 15.638 0. 0 15.638 10.636 o. 14753 
240. 1. 276 11. 644 16. 339 0.0 16.339 11. 644 o. 15279 
255. I. 356 11. 938 19. 395 o.o 19.395 11. 938 0. 15363 
270. 1. 435 11. 785 21. 243 o. 0 21. 243 11. 785 o. 15368 
285. 1. 515 11. 739 18. 411 0. 0 18.411 11. 739 o. 15347 
300. 1. 595 11. 336 . 15. 736 0. 0 15.736 11. 336 0. 15279 
315. 1. 675 10. 113 14.613 o. 0 14.613 10. 113 0.14753 
330. 1. 754 9.573 12. 334 o. 0 12.334 9.573 0. 15301 
345. I. 834 8.886 7.983 o. 0 7.983 8.886 o. 15307 




SURFACE 2 HEAT FLUX; 900 MILE CIRCULAR POLAR ORBIT 
e T Qp QPR Q$ Q solar QIR F 
0. o. 0 8. 919 7. 055 447.340 454.395 8. 919 0. 15869 
15. o. 080 8.895 0.935 432.097 433.032 8.895 o. 16135 
30. o. 159 8.950 0.007 387.408 387. 415 8.950 o. 15386 
35. 0. 186 9. 144 0.000 366.440 366.440 9. 144 0. 15298 
SH 36. 0. 191 8.281 o. 0 o.o o. 0 8. 281 0. 13761 
SH 45. 0. 239 9.430 o.o o. 0 o. 0 9.430 0. 14843 
SH 60. 0.319 10.691 0. 0 o.o 0. 0 10. 691 0.15319 
SH 75. 0.399 11. 604 o.o 0.0 0.0 11. 604 0. 15361 
SH 90. 0.478 11. 726 0.0 0. 0 o. 0 11. 726 o. 15370 
SH 105. o. 558 11. 835 o. 0 o. 0 0.0 11. 835 o. 15361 
SH 120. 0.638 11. 993 0. 0 0. 0 0.0 11. 993 o. 15347 
SH 135. o. 718 11.512 o. 0 0.0 o.o 11. 512 o. 15328 
SH 144. o. 766 11. 085 0. 0 0.0 0.0 11. 085 o. 15290 
145. 0.771 11. 028 0. 0 o.o o. 0 11. 028 0. 15283 
150. 0.797 10.871 0.0 0.0 0.0 10.871 o. 15321 
165. 0.877 9. 964 o.o o. 0 o.o 9. 964 o. 15304 
180. 0.957 9. 195 o. 0 o.o o.o 9. 195 o. 15281 
195. 1. 037 9. 127 3. 657 0.0 3.657 9. 127 o. 15409 
210. I. 116 9. 514 11. 910 0.0 11. 910 9. 514 o. 15327 
225. I. 196 10. 179 15. 976 o. 0 15.976 10. 179 0. 14843 
240. 1. 276 11. 153 16.205 0.0 16.205 11. 153 0. 15319 
255. I. 356 11. 875 16.991 o.o 16.991 I.l. 875 0. 15361 
270. 1. 435 11. 954 20.868 0.0 20.868 11. 954 o. 15370 
285. I. 515 11. 718 21. 491 115. 776 137.267 11.718 0.15361 
300. I. 595 11. 772 17.423 223.666 241.039 11. 772 o. 15347 
315. I. 675 11. 173 15.878 316.314 332. 192 11. 173 o. 15328 
330. 1.754 10. 187 15. 150 387.406 402.556 10. 187 0. 15321 
345. I. 834 9.275 12.040 432.096 444. 136 9.275 o. 15305 




SURFACE ~ HEAT FLUX; 900 MILE CIRCULAR POLAR ORBIT 
e T Qp QPR Qs Qsolar QIR F 
o. 0.0 8. 696 0.0 o. 0 0. 0 8. 696 o. 15474 
15. 0.080 9. 275 0. 0 0.0 o. 0 9.275 0. 15305 
30. 0. 159 10. 187 o. 0 0. 0 0. 0 IO. 187 o. 15321 
35. 0. 186 lo. 519 0. 0 0. 0 o. 0 10. 5 I 9 o. 15292 
SH 36. 0. I9I I0.584 0. 0 0.0 0. 0 IO. 584 o. 15291 
SH 45. 0.239 11. 173 0. 0 0.0 0.0 I I. I 73 0. I5328 
SH 60. 0.3I9 I 1. 772 0. 0 0.0 o.o 11. 772 0. 15347 
SH 75. 0.399 I I. 7 I8 0. 0 0.0 0.0 I I. 718 0. 1536I 
SH 90. 0.478 11. 954 0. 0 0. 0 o.o 11. 954 0. 15370 
SH 105. o. 558 11. 875 0.0 o.o o. 0 11.875 o. 15361 
SH 120. 0.638 11. 153 0. 0 0. 0 0.0 Il.153 0. 15319 
SH I 35. 0. 718 I 0. I 79 0.0 0. 0 o. 0 IO. I79 0. I4843 
SH I44. 0. 766 8. 922 0. 0 0.0 0. 0 8.922 0. I376I 
145. 0. 771 8.802 o. 0 366.437 366.437 8.802 o. 1357I 
150. 0.797 9. 514 0.008 387.407 387.415 9. 514 o. 15327 
I65. 0. 877 9. 127 I. 009 432.097 433. 106 9, 127 o. 15409 
180. 0.957 9.435 7.924 447.340 455.264 9.435 o. 15680 
195. I. 037 9. 964 I4.859 432. 098 446.957 9. 964 0. 15304 
210. I. 116 10. 871 I6.900 387.409 404.309 10.871 o. 15321 
225. 1. 196 I l. 512 I6. I48 316.319 332.467 II. 512 0. I5328 
240. I. 276 11. 993 18.625 223.673 242.293 11. 993 o. 15347 
255. 1.356 11. 835 21. 934 115. 783 187. 717 11. 835 o. I5361 
270. I. 435 11. 726 I9.849 0.004 19.852 11. 726 0. 15369 
285. I. 5I5 Il.604 16. 121 o. 0 16. 12 I 11. 604 o. 15361 
300. I. 595 10. 691 15.748 o.o 15. 748 10. 691 o. 15319 
315. I. 675 9. 430 13.398 o. 0 13.398 9.430 o. 14843 
330. I. 754 8.950 9.842 o. 0 9.842 8.950 o .. 15386 
345. I. 834 8. 895 3.402 o. 0 3. 40l 8.895 o. I6135 




SURFACE 5 HEAT FLUX; 900 MILE CIRCULAR POLAR ORBIT 
e T Qp QPR Os Qsolar QIR F 
0. 0.0 0.0 0.0 0.000 0.000 0.0 0.0 
15. 0.080 0.0 0.0 0.0 0.0 0.0 0.0 
30. o. 159 0.0 0.0 0.0 0.0 0.0 0.0 
35. 0. 186 0.0 0.0 0.0 0.0 0.0 0.0 
SH 36. o. 191 0.0 0.0 0.0 0.0 0.0 0.0 
SH 45. 0. 239 0.0 0.0 0.0 o. 0 0.0 0.0 
SH 60. 0.319 0.0 0.0 0.0 0.0 0.0 0.0 
SH 75. 0.399 0.0 0.0 0.0 0.0 0.0 0.0 
SH 90. o. 478 0.0 0.0 0.0 o. 0 0.0 0.0 
SH 105. 0.558 0.0 0.0 0.0 0.0 0.0 0.0 
SH 120. 0.638 0.0 0.0 o.o o. 0 0.0 0.0 
SH 135. 0. 718 0.0 0.0 0.0 0.0 0.0 0.0 
SH 144. 0.766 0.0 0.0 0.0 0.0 0.0 0.0 
145. 0. 771 o.o 0.0 o. 0 0.0 0.0 0.0 
150. 0.797 0.0 0.0 0.0 0.0 0.0 0.0 
165. o.877 0.0 0.0 o.o 0.0 0.0 0.0 
180. 0.957 0.0 0.0 o.o 0.0 0.0 o.o 
195. 1. 037 0.0 0.0 115. 778 115. 778 0.0 0.0 
210. 1. 116 0.0 0. 0 223.668 223.668 0.0 o.o 
225. l. 196 o.o 0.0 316. 315 316.315 0.0 0.0 
240. 1. 276 0.0 0.0 387.406 387.406 0.0 0.0 
255. 1. 356 0.0 0. 0 432.097 432.097 0.0 0.0 
270. 1. 435 0. 0 0.0 447.340 447.340 0.0 o.o 
285. 1. 515 0.0 0.0 432.098 432.098 0.0 0.0 
300. l. 595 0.0 0.0 387.410 387.410 o. 0 0.0 
315. 1. 675 0.0 0.0 316. 320 316.320 o.o 0.0 
330. l. 754 0.0 0. 0 223.674 223.674 0.0 0.0 
345. r. 834 0.0 o. 0 115.785 115.785 0.0 o.o 
360. l. 914 0.0 o.o 0.005 0.005 0.0 0.0 I-" 
I-" 
I-" 
/ ' / ' / '.J~_, .... 
I J /;; 
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ORBIT 
Figure 45. Surface Designations for Appendix B Tables 
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The sides receive direct energy from the earth, plus that specularly 
reflected from the opposite side and the reflector. This is expressedas 
(B-12) 
Qs, 6 (B-13) 
or, using reciprocity, 
(B-14) 
(B-15) 
Since the side surfaces are symmetrical with respect to their environ-
mental energy inputs, 
(B-16) 
(B-17) 
The reflector receives direct input from the earth, plus that 
specularly reflected from each side. The reflected energy from both 




The outside surfaces of the enclosure see only a direct view of the 




where G2 glR is the value o:f the infrared :flux taken :from the tables :for 
surface 2 o:f this appendix and G215 is the value o:f the solar :flux taken 
:from the same tables. Similarly, :for the opposite side, 
(B-22) 
(B-2J:) 
The input to the enclosure top is taken :from the sur:face 5 tables o:f 
this appendix and is expressed as 
QIR,14 = 0.0 (B-24) 
(B-25) 
The multiple shape :factors are geometric shape :factors used in 
specular-reflecting systems and are described by Wiebe! t ( 17). They 
were determined by considering 'the appropriate block.age and partial 
views of the appropriate surfaces to the earthi as described by Figures 
46 to 48. The values of these shape factors were determined by the 
computer program CONFAC II and are listed in Table XVIII ( 19). 
The environmental heat :fluxes were obtained from reference (18). 
The values tabulated in this appendix are also the orbital fluxes from 
direct and reflected solar and planetary irradiations on a plain surface 
element in a planetary-oriented circular polar orbit. N.on'-uniform 
radiosity of the earth 7 due to latitude and seasonal variations has been 
taken into account. 









\\\\ \"\\\\\\\\~k~i~ \\\ \ \ \\~ 
FE-REFLECTOR 
FE-i5 
Figure 47. Shape Factor Enclosure Geometry 
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f EARTH - REFLECTOR (SIDE) 
f EARTH -15(6) 
F EARTH-15(9) 




SHAPE FACTORS FOR ENVIRONMENTAL ENERGY INPUTS 
JOO s.m. 600 s.m. 900 s.m • 
Fs~e .08612 • 04485 .02897 
Fs(J5)~~e .14074 .05004 .03880 
Fa-6(9) .02677 .00553 .00514 
FJ5-e ."28395 .22138 .14298 
F1s(s)-• .11886 .03536 .02742 
The heat fluxes presented in Tables VI-XVII are Qp, the direct 
planetary irradiation, QPR' the reflected solar irradiation, and Q5 , the 
direct solar irradiation. Q 1 and Q1 R are the total energy fluxes in so ar 
the solar and infrared spectra, respectively. All values of heat flux 
are in BTU/HR-FT2. 8 is the angular position in degrees and Tis the 
orbital time in hours. 
The position of the surfaces and the type of orbit are described in 
Figure 45. The sun's declination was assumed to be 0°; the vector E 
always points to the earth. 
Heat fluxes are presented for JOO, 600, and 900 statute-mile 
orbits, and the note 11SH 11 found to the extreme left of each table indi-
cates that the particular surface is in the earth's shadow. F repre-
sents the instantaneous geometric view factor of the surface to the 
earth. Average values of F were used in the analysis. 
APPENDIX C 
ANALYSIS TECHNIQUES BETWEEN SPECULAR-DIFFUSE 
REFLECTING SURFACES WITH BLOCKAGE 
The radiant exchange between Lambertian surfaces is described in 
. 
any standard heat transfer text. This exchange depends upon the geo-
metric shape factor dFdAi-dAj between the two elemental surfaces which 
is given as 
or 
= cos 91 cos 93 dAj 
nr 
I r 
A 1 A j 




The normal angles 91 9 9j and the length r are described in Figure 49a 
for the areas A1 and Aj. In case of blockage, as shown in Figure 49b, 
the shape factor from the elemental area dA1 to the area A~ is deter-
mined where ~ is the area as determined by 
A' 
j (C-J) 
This is indicated in Figure 49c where ~ is a function of the position 
of dA1 , assuming Ak and AJ are fixed. 
The resulting geometric shape factor is solved by the approximation: 
119 
120 
(al SHAPE FACTOR GEOMETRY WITHOUT BLOCKAGE 
(bl SHAPE FACTOR GEOMETRY WITH BLOCKAGE 
Ai Aj 
(cl INTERSECTED AREAS FOR BLOCKAGE 
Figure L.t9. Shape Factor Geometry Logic 
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l (cos 91 
cos 9J f:::.AJ) 




1 l l (cos 91 
cos eJ 6A1 t:::.AJ') • 
FA i - A' J A1 TTr 
(C-5) 
b.A1 f:::.AJ 
This procedure was used to calculate the shape factors with block-
age, utilizing the CONFAC II Computer Program. Since the exact solutions 
to many of these complicated shape factors are unavailable, the accuracy 
of the shape factor is felt to be no better than ±20 per cent at values 
of the shape factor = 0.10, and may be greater for smaller values. 
When specular-diffuse reflecting surfaces are included in an 
enclosure, Holman (9) has shown that a radiosity network equivalent to a 
diffuse reflecting system can be used if the following modifications are 
made: 
I. RADIATION SUHFACE RESISTANCES 
A. For diffusely reflecting surfaces 
(C-6) 
where the next radiant heat transfer from surface 1 is 
given as 




B. For specular diffuse reflecting surfaces, 
(C-8) 
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where the net radiant heat transfer from surface i is 
given as 
(C-9) 
II. SPACE RADIATION RESISTANCE 
A. Between diffusely reflecting surfaces within an enclosure 
containing other diffusely reflecting surfaces, as well as 
n specular-diffuse reflecting surfaces, 
+ ••• )J-1 (C-10) 
where the radiant energy transfer between ·the radiosity · 
nodes i and j would be given as 
(C-11) 
B. Between a diffusely reflecting surface i and a specular-
diffuse reflecting surface j within an enclosure with other 
surfaces of both types, 
+ L: L: Po; m. P<S';' n F 1 -.l Cm, n ) + • • • ) J -l 
m n 
(C-12) 
where the radiant energy transfer between the radiosity · 
nodes i and j would be given as 
Jj . 




c. Between specular-diffuse reflecting surfaces within an 
enclosure of specular-diffuse reflecting and diffuse 
reflecting surfaces, 
** Ru = [A1 (1- Per, 1 )(1- p~ J )(F1-J + ~ ~ nF1-J (n) 
(c-1'1,) 
where the radiant energy transfer between the radiosity 
Nodes i and j are given as 
Ji Jj 
~1-:po--,1) - (1-Pl5';J) 
** Ru 
(C-15) 
Following this general procedure, the radiation conductances of the 
analysis model are defined as follows: 
Res 
1.0 
= As (1.0 - ps ~HFs_1 +pg 6Fs-1 (9) + pl5 1 o-Fe_1 (l5)) 
IR' IR' IR 
(C-16) 
Reg 1.0 = Ae (1.0- pa o-) (F9_1 + ps,6F9-1(6) + p15 1 crF9_1 (15)) 





AeF9_15 (1.0- pg, 0 )(1.0- Pl5~~) 























The shape factors for these equations were determined, considering 
the geometries shown in Figure 50 and are presented for the JOO, 600 9 
and 900-mile orbit models in Table XIX. 
To complete the heat inputs for the model, the view of each of the 
internal and external surfaces of the enclosure to space must be calcu-
lated. For surfaces 8 and 11, the shape factor to space is determined 
by 
(C-24) 
Fn _ 00 = 1. o - Fn - , (c-25) 
where Fs_ 1 and Fn-• are given in the tables of this appendix for the 
proper orbit altitude, and are listed under the column 11F 11 for the 
tables noted as "Surface 2 11 • 
The total flux for surfaces 8 and 11 is then given as: 
(C-26) 
4 
= -crE:n (1.0-Fu_,)Tn + Q1R,n+ Q8 ,n (c-27) 


















SHAPE FACTORS FOR INTERNAL RADIANT EXCHANGE 
JOO s.m. 600 s.m. 900 s.m. 
F6-l 
F9:...1 0.148 0.164 0.164 
F6-l (9) 
F9-1(6) 0.0346 0.0520 0.0455 
F6-1(15) 
F9-l (16) 0.1'.1.75 0.0315 0.0293 
F9-15 
F6-15 0.1658 0.1395 0.1267 
F1_15 0.1351 0.1250 0.1201 
F1-15 (6) 
F1 -Is (9) 0.0557 0.0473 0.0430 
Fl-6(9) 
F1-9(6) 0.02 0.02 0.02 
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The shape factors of the internal surface to space are calculated 
in the following manner: 





Some of these shape factors have already been determined and are given 
in Table XIX. The rest were determined through consideration of the 











INTERNAL AND SPACE SHAPE FACTORS 
JOO s.m. 600 s.m. 900 s.m. 
Fe"""e(s) 
Fe-s (6) 0.0327 0.0384 0.0406 
F5,...9(15) 
Fe-6(16) 0.2281 0.0539 0.0489 
F6-l6(9) 
Fe-15 (6) 0.0162 0.0184 0.0175 
FJS-1 0.0928 0.1249 0.1200 
F35-e (9) 
FJS-9 (6) 0.0064 0.0071 0.0077 
FJS-1 ( e) 
FlS-1(!3) 0.0057 0.0473 0.0429 
F 1 - co 0.613 0.803 0.816 
Fe-co 
Fe-co 0.541 0.673 0.683 
F15-CO 0.882 0.766 0.779 
APPENDIX D 
RESULTS OF THE COMPUTER ANALYSES 
This appendix presents the results 0£ the computer analyses £or the 
optimization and the sensitivity checks in a tabular form. Each table 
presents the optimized parameters and the resulting radiator tempera-
ture (Ti), side temperature (T2), and the reflector temperature (T3) in 
degree R. This information is always given in the column 0£ numbers 
farthest to the left. The sensitivity 0£ these parameters to various 
changes is presented by holding certain parameters fixed and varying one 
or more 0£ the remaining parameters. Each column presents a set 0£ 
variations 0£ the parameters and the resulting temperatures. The tables 
are labeled as: 
1. Preliminary Sensitivity Check; ±20 per cent. 
2s Preliminary Sensitivity Check; ±40 per cent. 
3. Sensitivity Check; Parameter Variation Equals .05, .10. 
4. Sensitivity Check; Parameter Variation Equals .05. 
5. Sensitivity Check; Final Analysis Model, Series "M" • 
The ±20 per cent and the ±40 per cent sensitivity checks represent 
the optimization considerations by varying the parameters ±20 per cent 
and ±40 per cent 0£ their optimized values, respectively. In some 
cases, where the parameter constraints would be violated, both the 
positive and negative variations do not appear. Some constraint 
violations were allowed to occur in order to show the e££ect 0£ that 
110 
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constraint. The .05 and the .10 parameter variations were treated in a 
similar fashion. The Series "M" analysis presents the optimization and 
sensitivity check for the final analysis model. 
The infrared flux and the solar flux are given for three steady-
state orbital conditions. These fluxes are the power/area arriving at 
the enclosure opening and represent the high, the average, and the low 
heat inputs to the enclosure. The values Q1, Q2, and Q3 represent a 
parametric set of heat inputs to the radiator side and reflector, 
respectively, above that which is conducted through the insulation from 
an exterior temperature of 520° R. 
Blank spaces in the tables are to be read ·by inserting the value 
of that parameter or temperature to the far left of the respective row. 
RUN# Al0.1 to Al0.3 
Pl .246 .197 .295 .246 












T2 171 172 
TJ 198 
TABLE XXI 
PRELIMINARY SENSITIVITY CHECK; ±20 PER CENT 
.05 
.264 .396 .33 
.136 .204 
126 124 125 
INFRARED FWX = 13. 485 
SOLAR FWX = 9. 3~ 
.17 
.684 .854 
.0366 .055 .0458 
.376 
129 125 126 











Ql = o.o 
Q2 = o.o 















RUN# A10.1 to A10.3 
P1 .246 .1485 .345 .246 











T1 125 124 125 
T2 171 172 171 172 
T3 198 
TABLE XXII 






INFRARED FLUX = 13.485 
SOLAR FLUX = 9.344 
.102 .248 .170 
.512 .854 
.0275 .0644 
126 124 133 125 












Q1 = o.o 
Q2 = o.o 

















RUN # A12.0 
P1 .246 .197 .295 .246 











T1 143 142 143 
T2 173 174 173 
T3 199 
TABLE XXIII 
PRELIMINARY SENSITIVITY CHECK; ±20 PER CENT 
.05 
.264 .396 .33 
.136 
142 143 
INFRARED FLUX = 13.485 




142 145 143 











Qt = .341 
Q2 = o.o 













RUN # A12.0 
P1 .246 .1485 .345 .246 











T1 11*3 143 142 144 
T2 173 174 173 
T3 199 .. 
TABLE XXIV 
PRELIMINARY SENSITIVITY CHECK; ±40 PER CENT 
.05 




INFRARED FLUX = 13. /,H35 




142 149 143 












Q1 = .341 
Q2 = o.o 


















RUN# A1J.1 to A13.3 
P1 .246 .197 .295 .246 











T1 211 210 212 
T2 185 186 185 
T3 203 
TABLE :XXV 
PRELIMINARY SENSITIVITY CHECK; ±20 PER CENT 
.05 
.264 .396 .33 
.136 
211 
INFRARED FLUX = 13.485 
SOLAR FLUX = 9.344 
.204 .17 
.684 . • 854 
.0366 .055 
214 211 











Q1 = 3.41 
Q2 = o.o 














RUN# A1J.1 to A1J.J 
P1 .246 .1485 .J45 .246 











T1 211 211 213 209 213 
T2 185 186 185 
TJ. 203 
TABLE XXVI 
PRELIMINARY SENSITIVITY CHECK; ±40 PER CENT 
.05 




INFRARED FLUX = 1J.485 

















Q1 = J.41 
Q2 = o.o 



















P1 .288 .231 .346 .288 















PRELIMINARY SENSITIVITY CHECK; ±20 PER CENT 
.05 
.264 .396 .33 
.136 
133 131 132 
INFRARED FLUX = 13.485 




131 135 132 












Q1 = o.o 
Q2 = .341 














P1 .288 .173 .4o4 .288 











T1 132 131 133 
T2 206 205 206 
TJ 200 
TABLE XXVI II 




INFRARED FLUX = 13.485 
SOLAR FLUX = 9.344 
.33 
.102 .248 .170 
.512 .854 
.0275 .0644 
133 131 139 132 












Q1 = o.o 
Q2 = .341 

















RUN# D.1 to D.4 
P1 .417 .334 .502 .417 













T3 222 ' 
TABLE XXIX 
PRELIMINARY SENSITIVITY CHECK; ~20 PER CENT 
.05 
.264 .396 .33 
.136 
192 193 
INFRARED FLUX = 13. 485 




196 193 193 











Q1 = o.o 
Q2 = 6.82 








RUN# D.1 to D.4 
P1 .417 .251 .584 .417 











T1 193 194 192 193 
T2 377 378 376 377 
T3 222 
TABLE XXX 
PRELIMINARY SENSITIVITY CHECK; ±40 PER CENT 
.05 
.198 .46 .33 
.102 
192 193 
INFRARED FLUX = 13 • 48 5 




192 199 193 











Qt = o.o 
Q2 = 6.82 














RUN# F.1 to F.3 
P1 .243 .194 .292 .243 












T2 172 173 
T3 209 
TABLE XXXI 
PRELIMINARY SENSITIVITY CHECK; ±20 PER CENT 
.05 
.264 .396 .33 
.136 
, 
128 126 127 
INFRARED FLUX = 13.485 

















Q1 = o.o 
Q2 = o.o 













RUN# F.1 to F.J 
P1 .24,J .14,6 i-J/,i,1 .24'J 








P10 .. 0458 
P11 .47 
P12 .4J 
T1 127 126 128 
T2 172 17J 
TJ. 209 
TABLE XXXII 




INFRARED FLUX = 1J. 4-85 
SOLAR FLUX = 9.JWi 
.JJ 
.102 .,24,8 .170 
.512 .854 
.0275 .o6Wi 
128 126 1J5 127 












Q1 = o.o 
Q2 = o.o 



















RUN# G.1 to G.3 
Pl .243 .194 .292 .243 



















INFRARED FLUX = 13.485 
SOLAR FLUX = 9.344 
.33 
.136 .204 .17 
.684 .854 
.0366 .055 
142 145 142 












Qi = o.o 
Q2 = o.o 













RUN# G.1 to G.J 
P1 .277 .166 .JBS .277 















PRELIMINARY SENSITIVITY CHECK; ±40 PER CENT 
.os 
.198 .46 .JJ 
.102 
14J 
INFRARED FLUX = 1J.485 















Q1 = o.o 
Q2 = o.o 
! QJ = J.41 
.854 

















P1 .J64 .4o4 .J14 .264 















SENSITIVITY CHECK; PARAMETER VARIATION 
.J64 
.05 
.28 .23 .JS .4J 
.22 .27 .12 .07 
131 
INFRARED FLUX = 28.536 
SOLAR FLUX = 15.J10 
.JJ 
.17 
.8o4 .754 .854 
.0958 .1458 .0458 
.8o4 .754 
.0958 .1458 
132 131 132 





.8o4 .754 .854 









Q1 = o.o 
Q2 = o.o 
QJ = o.o 
""" .po-
"" 
RUN # IY.2 
P1 .243 .283 .203 .143 















SENSITIVITY CHECK; PARAMETER VARIATION 
.243 
.05 
.28 .23 .38 .43 
.22 .27 .12 .07 
147 
INFRARED FLUX = 28.536 
SOLAR FLUX = 15.310 
.33 
.17 
.8o4 .754 .854 




208 216 193 
233 232 
.05' • 10 
.854 
.0458 
.8o4 .754 .854 
.0958 .1458 .0458 
.8o4 
.0958 
148 149 148 
194 193 




Q1 = .341 
Q2 = o.o 





P1 .243 .283 .203 .143 











Tt 213 209 217 220 
T2 202 203 
T3 235 205 235 236 
TABLE XXXVII 
SENSITIVITY CHECK; PARAMETER VARIATION .05, .10 
.243 
.os 
.28 .23 .38 .43 




INFRARED FLUX = 28.536 
SOLAR FLUX = 15.310 
.33 
.17 
.8o4 .754 .854 








.8o4 .754 .854 




257 267 235 
.754 
.1458 
Qt = 3.41 
Q2 = o.o 




RUN # IY.4 
P1 .4o5 -~5 .355 .305 











T1 137 135 138 139 
T2 219 
T3 233 
TABLE XXXVI II 
SENSITIVITY CHECK; PARAMETER VARIATION .05, .10 
.4o5 
.05 
.28 .23 .38 .43 
.22 .27 .12 .07 
137 
INFRARED FLUX = 28.536 
SOLAR FLUX = 15.310 
.33 
.17 
i.8o4 .754 .854 
i.0958 .1458 i.0458 
1o8o4 i.754 
.0958 .. 1458 
138 137 138 
238 247 219 
.. 854 
i.0458 
i.8o4 .754 .854 








Q1 = o.o 
Q2 = .341 




RUN # IY.5 
P1 .4-15 .4-55 .365 .315 















SENSITIVITY CHECK; PARAMETER VARIATION .05, .10 
.4-15 
.05 
.28 .23 .38 .4-3 
.22 .27 .12 .07 
171 
INFRARED FLUX = 28.536 




.0958 .14-58 .04-58 
.8o4 .754 
.0958 .1458 
172 173 171 172 













Q1 = o.o 
Q2 = 3.4-1 





P1 .41 .45 .36 .31 











T1 146 145 147 148 
T2 199 
T3 285 286 
TABLE XL 
SENSITIVITY CHECK; PARAMETER VARIATION 
.41 
.05 
.28 .23 .38 .43 
.22 .27 .1,2 .07 
146 
285 
INFRARED FLUX = 28.536 
SOI.AR FLUX = 15.310 
.33 
.17 
.8o4 .754 .854 
.0958 .1458 .0458 
.8o4 .754 
.0958 .1458 
147 146 147 
214 221 199 
286 285 
.05, • 10 
.854 
.0458 
.8o4 • 754 .854 
.0958 .1458 .0458 
.8o4 
.0958 
146 148 147 
2oo 199 




Q1 = o.o 
Q2 = o.o 




Pl .34 .38 .29 .24 











Tl 118 117 119 120 
T2 171 172 
T3 199 
TABLE XLI 
SENSITIVITY CHECK; PARAMETER VARIATION 
.34 
.05 
.28 .23 .38 .43 
.22 .27 .12 .07 
118 
INFRARED FUJX = 13.485 
SOLAR FUJX = 9.344 
.33 
.17 
.8o4 .754 .854 








.8o4 .754 .854 
.0958 .1458 .0458 
.8o4 
.0958 
119 . 121 119 
173 172 
218 227 199 
.754 
.1458 
Ql = o.o 
Q2 = o.o 




RUN # AX.2 
P1 .243 .283 .193 .143 











T1 138 136 14o 142 
T2 173 174 
T3 200 
TABLE XLII 
SENSITIVITY CHECK; PARAMETER VARIATION .05, .10 
.243 
.05 
.28 .23 .38 .43 
.22 .27 .12 .07 
138 
INFRARED FLUX = 13.485 
SOLAR FLUX = 9.344 
.33 
.17 
.804 .754 .854 
.0958 .1458 .0458 
.8o4 .754 
.0958 .1458 
139 14o 138 
187 194 174 
.854 
.0458 
.8o4 .754 .854 
.0958 .1458 .0458 
.8o4 
.0958 
139 14o 139 
175 174, 
218 .227 200 
.754 
.1458 
Q1 = .341 
Q2 = o.o 




RUN # AX.J 
P1 .243 .283 .193 .143 















SENSITIVITY CHECK; PARAMETER VARIATION .05, • 10 
.243 
.05 
.28 .23 .JS .4J 
.22 .27 .12 .07 
210 
INFRARED FLUX = 1J.485 
SOLAR FLUX = 9.344 
.JJ 
.17 
.8o4 .754 .854 








.8o4 .754 .854 




222 231 205 
i.754 
i.1458 
Q1 = J.41 
Q2 = o.o 




RUN # AX.4 
P1 .395 .435 .345 .295 















SENSITIVITY CHECK; PARAMETER VARIATION 
.395 
.05 
.28 .23 .38 .43 
.22 .27 .12 .07 
126 
INFRARED FllJX = 13.485 
SOLAR FllJX "' 9. 344 
.33 
.17 
.804 .754 .854 
.0958 .1458 .0458 
.8o4 .754 
.0958 .1458 
127 128 126 





.8o4 .754 .854 
.0958 .1458 .0458 
.804 
.0958 
127 128 127 
219 228 201 
i.754 
i.1458 
Q1 = o.o 
Q2 .. .341 





Pl .417 .457 .367 .317 















SENSITIVITY CHECK; PARAMETER VARIATION 
.417 
.05 
.28 .23 .38 .43 
.22 .27 .12 .07 
166 
INFRARED FWX .. 13. 485 
SOLAR FWX ,. 9.34'* 
.33 
.17 
.804 .754 .854 
.0958 .1458 .0458 
.804 .754 
.0958 .1458 
167 168 166 





.804 • 754 .854 




229 237 213 
.754 
.1458 
Ql = o.o 
Q2 • 3.41 





RUN # .AX.6 
P1 .31*5 .385 .295 .21*5 















SENSITIVITY CHECK; PARAMETER VARIATION 
.31*5 
.05 
.28 .23 .38 .43 
.22 .27 .12 .07 
120 
INFRARED FLUX = 13.485 
SOLAR FLUX = 9·3"= 
.33 
.17 
.801* • 75'* .851* 
.0958 .1458 .0458 
.8o1* • 751* 
.0958 .11*58 
121 122 121 




.801* .751.1, .851* 
.0958 .11*58 .01*58 
.8o1* 
.0958 
122 123 121 
171.1, 
230 239 210 
.751.1, 
.11*58 
Q1 .. o.o 
Q2 = o.o 





P1 .4o5 .445 .355 .305 











T1 137 136 138 139 
T2 182 183 
T3 270 
TABLE XLVII 
SENSITIVITY CHECK; PARAMETER VARIATION 
.4o5 
.05 
.28 .23 .38 .43 
.22 .27 .12 .07 
137 
INFRARED FWX = 13.485 
SOI.AR FWX = 9.344 
.33 
.17 
.804 • 754 .854 
.0958 .11,i,58 .0458 
.804 .754 
.0958 .1458 
138 139 138 




.8o4 .754 .854 





296 309 270 
.754 
.1458 
Q1 = o.o 
Q2 = o.o 





P1 .307 .347 .257 .207 











T1 110 1o8 111 112 
T2 157 158 
T3 173 
TABLE XLVIII 
SENSITIVITY CHECK; PARAMETER VARIATION 
.307 
.05 
.28 .23 .38 .43 
.22 .27 .12 .07 
109 
INFRARED FUJX • 11.145 
SOLAR FWX ., .001 
.33 
.17 
.804 .754 .854 
.0958 .1458 .0458 
.804 .754 
.0958 .1458 
110 111 109 




.804 .754 .854 
.0958 .1458 .0458 
.804 
.0958 
111 112 109 
159 158 
189 196 17.3 
.754 
.1458 
Q1 = o.o 
Q2 = o.o 




RUN # RX.2 
Pi .243 .283 .203 • i 43 











Ti i33 i3i i35 i37 
T2 i60 i6i 
T3 i74 
TABLE XLX 
SENSITIVITY CHECK; PARAMETER VARIATION 
• 243 
.05 
.28 • 23 .38 • 43 
.22 .27 .i2 .07 
i33 
INFRARED FLUX= ii.i45 
SOLAR FLUX = .OOi 
.33 
-i7 
.804 .754 .854 








.8o4 .754 .854 
.0958 .i458 .0458 
.804 
.0958 
i34 1.35 i33 
i89 i97 i74 
.754 
.i45H 
Qi :z -34i 
Q2 = o.o 





P1 .243 .283 .203 .143 










i\iil'~ 2 'i .0458 
Ti 208 204 213 216 
T2 175 176 
T3 181 
TABLE L 
SENSITIVITY CHECK; PARAMETER VARIATION 
.243 
.05 
.28 .23 .38 .43 
.22 .27 .12 .07 
2o8 
175 
INFRARED FLUX ,. 11.145 
SOLAR FWX • .001 
.33 
.17 
.8o4 .754 .854 
.0958 .1458 .0458 
.804 • 754 
.0958 .1458 
209 210 208 
186 191 175 
.05, • 10 
.854 
.0458 
.804 .754 .854 





195 202 181 
.754 
.1458 
Q1 .. 3.41 
Q2 = o.o 
QJ = o.o 
..... 
"' ..... 
RUN # RX.4 
Pi .377 .4i7 .327 .277 











Ti 119 118 121 122 
T2 198 
T3 175 176 
TABLE LI 
SENSITIVITY CHECK; PARAMETER VARIATION 
.377 
.05 
.28 .23 .38 .43 
.22 .27 .i2 .07 
119 
175 
INFRARED FLUX • 11.145 
SOLAR FLUX • .001 
.33 
-i7 
.8o4 .754 .854 
.0958 .1458 .0458 
.8o4 .754 
.0958 .1458 
120 121 119 






.0958 .1458 .0458 
.8o4 
.0958 
120 121 119 
191 198 175 
.754 
.1458 
Q1 .. o.o 
Q2 = .341 






P1 .417 .457 .367 .317 











T1 163 162 164 165 
T2 318 317 318 
T3. 192 
TABLE LII 
SENSITIVITY CHECK; PARAMETER VARIATION 
.417 
.05 
.28 .23 .38 .43 
.22 .27 .12 .07 
163 
INFRARED FLUX= 11.145 
SOLAR FLUX = .001 
.33 
.17 
.8o4 .754 .854 
.0958 .1458 .0458 
.8o4 .754 
.0958 .1458 
164 165 163 





.8o4 .751,t .851,t 




205 212 192 
• 754 
.1458 
Q1 = o.o 
Q2 = 3.41 
QJ .. o.o 
"""' O \ 
\..,.;) 
RUN # RX.6 
P1 .319 .359 .269 .219 











T1 113 111 114, 115 
T2 159 16o 
T3 189 188 189 
TABLE LIII 
SENSITIVITY CHECK; PARAMETER VARIATION .05, .10 
.319 
.05 
.28 .23 .38 .4,3 
.22 .27 .12 .07 
112 
188 
INFRARED FLUX = 11.14,5 
SOLAR FWX .. .001 
.33 
.17 
.804, • 754, .854, 
.0958 .14,58 .04,58 
.804, .754, 
.0958 .14,58 
113 114, 112 




.8o4, • 754, .854, 
.0958 .14,58 .04,58 
.Bo4, 
.0958 
114, 115 112 
161 
206 214, 188 
.754, 
.14,58 
Q1 = o.o 
Q2 = o.o 





P1 .389 .429 .339 .289 











T1 132 131 133 134 
T2 171 172 
T3 261 26o 261 
TABLE LIV 
SENSITIVITY CHECK; PARAMETER VARIATION= .05, .10 
.389 
.05 
.28 .23 .38 .43 
.22 .27 .12 .07 
132 
INFRARED FLUX• 11.145 
SOLAR FLUX • .001 
.33 
.17 
.804 .754 .854 
.0958 .1458 .0458 
.8o4 .754 
.0958 .1458 
133 1.34 132 
183 188 172 
.854 
.0458 
.804 .754 .854 
.0958 .1458 .0458 
.8o4 
.0958 
133 134 . 132 
173 172 
286 298 261 
.754 
.1458 
Q1 = o.o 
Q2 .. o.o 
Q3 "' 3.41 
~ 
"" VI 
RUN# L.7 to L.8 
P1 .169 .019 .219 .169 











T1 111 112 111 113 
T2 190 
T3 215 216 215 
TABLE LV 
SENSITIVITY CHECK; PARAMETER VARIATION = .05 
.011 
.455 .555 .505 
.396 
112 111 112 
INFRARED FWX = 13.485 







111 113 115 114 
166 196 189 190 
192 229 
Q1 "' o.o 
Q2 = o.o 




RUN # L.4 to L.5 
P1 .1475 .0975 .1975 .1475 
P2 .012 .o62 .012 
P3 .5535 .5035 









T1 133 135 133 
T2 191 192 191 192 191 
T3 . 216 
TABLE LVI 
SENSITIVITY CHECK; PARAMETER VARIATION = .05 
.6o35 .5535 
.346 
INFRARED FWX = 13.485 






1J4 1.33 135 134 
169 197 191 192 
215 216 192 229 
Q1 = .J41 
Q2 "' o.o 




RUN # L. 1 to L. 3 
P1 .093 .043 . • 143 .093 
P2 .0107 .o607 .0107 














SENSITIVITY CHECK; PARAMETER VARIATION = .05 
.246 .196 
.323 
INFRARED FWX = 13.485 






205 204 205 204 
182 21:)7 201 202 
198 232 
Q1 = 3.41 
Q2 = o.o 
QJ = o.o 
!-> 
°' co
RUN# L.9 to L.10 
P1 .1645 .1145 .2145 .1645 
P2 .011 .o61 .011 










T1 121 122 
T2 237 238 237 238 237 
T3 - 217 
TABIB LVIII 
SENSITIVITY CHECK; PARAMETER VARIATION = .05 
.553 .503 
.398 
INFRARED FLUX = 13.485 







201 241 237 238 
194 230 
Q1 = o.o 
Q2 = .341 





RUN# L.11 to L.12 
P1 .172 .122 .222 .172 











T1 165 166 165 166 






SENSITIVITY CHECK; PARAMETER VARIATION = .05 
.496 .44.6 
.383 
INFRARED FWX "' 1,3.485 
SOLAR FWX = 9.344, 







227 229 2o6 239 
Q1 = o.o 
Q2 "' ,3.41 
Q.3 - o.o 
~ 
"" 0 
RUN# L.13 to L.14 
P1 .162 .112 .212 .162 
P2 .011 .o61 .011 










T1 114 115 114 115 114 
T2 191 
T3 232 233 
TABLE LX 
SENSITIVITY CHECK; PARAMETER VARIATION = .05 
.546 .496 
.399 
INFRARED FWX = 13.485 






116 115 117 116 
168 197 190 192 
232 233 203 243 
Q1 = o.o 
Q2 = o.o 





P1 .168 .118 .218 .168 
P2 .011 .o61 .011 










Ti 133 134 133 134 133 
T2 199 200 
T3 316 
TABLE LXI 
SENSITIVITY CHECK; PARAMETER VARIATION = .05 
.54,6 .496 
.496 
INFRARED FLUX = 13.485 






135 134 135 
178 205 199 200 
263 321 
Q1 = o.o 
Q2 = o.o 





P1 .245 .195 .145 . • 245 
P2 .001 .051 .101 .001 
P3 .481 .431 









T1 111 112 113 111 
T2 190 
T3 216 215 
TABLE LXII 








INFRARED FLUX = 13. 485 
SOLAR FlliX = 9. 31*'* 
.889 
.050 
.837 .787 .887 
.100 .150 .050 
.839 .789 .889 
.100 .150 .050 
.837 
.100 
111 113 115 111 
189 190 
231 j 237 215 
Q1 = o.o 
Q2 = o.o 




RUN # M.2 
P1 .245 .195 .145 .245 
P2 .001 .051 .101 .001 
P3 .481 .431 













SENSITIVITY CHECK; FINAL ANALYSIS MODEL, SERIES 11 M11 
.531 .481 
.421 .471 




INFRARED FWX = 13.485 
SOLAR FWX = 9. 3" 
.889 
.050 
.837 .787 .887 
.100 .150 .050 
.839 • 789 .889 
.100 .150 .050 
.837 
.100 
132 133 134 132 
191 192 191 
215 231 237 216 
Q1 = .341 
Q2 = o.o 




RUN # M.3 
Pi .245 .i95 .i45 .245 
P2 .OOi .05i .iOi .OOi 
P3 -~i -43i 









Ti 203 208 2i2 203 
T2 200 202 20i 
T3 220 
TABLE LXIV 







INFRARED FWX = i3.~5 
SOLAR FWX = 9.3M, 
.889 
.050 
.837 .787 .887 
.iOO .i50 .050 
.839 .789 .889 
.iOO .i50 .050 
.837 
.iOO 
203 204 203 
20i 202 20i 
2i9 234 240 220 
Qi = 3.4i 
Q2 = o.o 




RUN # M.4 
P1 .245 .195 .145 .245 
P2 .001 .051 .101 .001 
P3 .481 .431 









T1 121 122 123 121 
T2 237 238 237 
T3 217 
TABLE LXV 








INFRARED FLUX ~ 13.485 
SOLAR FWX = 9.344 
.889 
.050 
.837 .787 .887 
.100 .150 .050 
.839 • 789 .889 
.100 .150 .050 
.837 
.100 
121 122 123 121 
237 238 237 
217 233 239 217 
Q1 = o.o 
~2 ~ .341 





P1 .245 .195 .145 .245 
P2 .001 .051 .101 .001 
P3 .481 .431 









T1 165 166 165 
T2 382 383 382 
T3 228 
TABLE LXVI 








INFRARED FLUX = 13.485 
SOLAR FLUX = 9.341± 
.889 . 
.050 
.837 .787 .887 
.100 .150 .050 
.839 .789 .889 
.100 .150 .050 
.837 
.100 
165 166 165 
382 383 382 
228 243 248 228 
Q1 = o.o 
Q2 = 3.41 




RUN # M.6 
P1 .245 .195 .145 .245 
P2 .001 .051 .101 .001 
P3 .'*81 .431 




















INFRARED FWX = 13.'*85 
SOLAR FWX = 9.344 
.889 
.050 
.837 • 787 .887 
.100 .150 .050 
.839 .789 .889 
.100 .150 .050 
.837 
.100 
114 115 117 114 
191 191 
232 250 256 233 
Q1 .. o.o 
Q2 .. o.o 




RUN # M. 7 
P1 .245 .195 .145 .245 
P2 .001 .051 .101 .001 
P3 .481 .431 









T1 133 134 135 133 
T2 198 200 
T3 316 
TABLE LXVIII 







INFRARED FLUX = 13.485 
SOLAR FWX "' 9.3'*4 
.889 
.050 
.837 • 787 .887 
.100 .150 .050 
.839 .789 .889 
.100 .150 .050 
.837 
.100 
133 134 135 133 
200 201 200 
34o 348 316 
Q1 = o.o 
Q2 = o.o 




RUN # M.8 
P1 .245 .195 .145 .245 
P2 .001 .051 .101 .001 
P3 .481 .431 









T1 105 1o6 1o8 105 
T2 177 178 177 
T3 189 
TABIB LXIX 







INFRARED FLUX= 11.145 
SOLAR FUJX • .001 
.889 
.050 
.837 .787 .887 
.100 .150 .050 
.839 .789 .889 
.100 .150 .050 
.837 
.100 
105 107 109 105 
177 178 177 
202 207 189 
Q1 .. o.o 
Q2 .. o.o 




RUN # M.9 
Pi .24,5 .i95 • il,i,5 .24,5 
P2 .OOi • 05i .iOi .OOi 
P3 • 48 i .4,3i 









Ti 129 1Ji i.33 129 
T2 179 i80 
TJ 189 
TABLE LXX 








INFRARED FWX .. 11. i45 
SOLAR FWX • .OOi 
.889 
.050 
.837 .787 .887 
.iOO .i50 .050 
.839 .789 .889 
.iOO .150 .050 
.837 
.100 
129 1.30 131 129 
18o 
202 206 139 
' 
Qi = .34,i 
Q2 = o.o 




m.JN # M.iO 
Pi .245 .i95 .i45 .245 
P2 .001 .05i .iOi .001 
P3 .48i .43i 









Ti 202 2J:J7 211 21)2 
T2 i9i i92 i91 
T3 i95 . 
TABLE LXXI 
SENSITIVITY CHECK; FINAL ANALYSIS MODEL, SERIES "M" 
-53i .48i 
.421 .47i 




INFRARED FLUX= ii.i45 
SOLAR FLUX • .OOi 
.889 
.050 
.837 .787 .887 
.iOO .150 .050 
.839 .789 .889 
.iOO .i50 .050 
.837 
.. 100 
202 203 202 
i9i 192 19i 
207 212 i95 
Qi = 3.4i 
Q2 - o.o 





Pi .245 0 i95 .i45 .245 
P2 .OOi .05i .iOi .OOi 
P3 .48i .43i 














SENSITIVITY CHECK; FINAL ANALYSIS MODEL, SERIES "M" 
-53i .48i 
.42i .47i 




INFRARF.D FLUX = ii.i45 
SOLAR FLUX • .OOi 
.889 
.050 
.837 .787 .887 
.iOO .i50 .050 
.839 .789 .889 
.iOO .1.50 .050 
.837 
.• 100 
1:t6 117 119 i16 
231 
005 210 192 
Qi .. o.o 
Q2 .. .34i 





P1 .245 .195 .145 .245 
P2 .001 .051 .101 .001 
P3 .1*81 .431 





















INFRARED FLUX = 11.145 
SOLAR FLUX = .001 
.889 
.050 
.837 .787 .887 
.100 .150 .050 
.839 .789 .889 
.100 .150 .050 
.837 
.100 
163 164 163 
)81 
2D7 219 223 2JJ7 
Q1 = o.o 
Q2 = 3.41 




Pi .245 .195 .145 .245 
P2 .001 .051 .101 .001 
P3 .481 .431 









T1 1o8 110 111 1o8 




SENSITIVITY CHECK; FINAL ANALYSIS MODEL, SERIES 11M11 






INFRARED FLUX= 11.145 
SOLAR FWX • .001 
.889 
.050 
.837 .787 .887 
.100 .150 .050 
.839 .789 .889 




108 110 112 1o8 
179 18o 179 
228 233 212 
Q1 ... o.o 
Q2 .. o.o 




RUN # M.i4 
Pi .245 -i95 .i45 .245 
P2 .OOi .05i .iOi .OOi 
P3 .48i .43i 









Ti iJO i3i i30 
T2 i89 i90 
T3 309 
TABLE LXXV 







INFRARED FLUX = 11.i45 
SOLAR FWX = .OOi 
.889 
.050 
.837 .787 .887 
.iOO .i50 .050 
.839 • 789 .889 
.iOO .150 .050 
.837 
.iOO 
i30 i3i i32 i.30 
i90 i9i i92 i90 
3.32 339 .309 
-
Qi .. o.o 
Q2 = o.o 




RUN # M.15 
P1 .245 .195 .145 .245 
P2 .001 .051 .101 .001 
P3 .481 .431 









T1 120 121 122 120 
T2 207 208 
T3 250 
TABLE LXXVI 







INFRARED FLUX = 28.536 
SOLAR FLUX = 15.310 
.889 
.050 
.837 .787 .887 
.100 .150 .050 
.839 .789 .889 
.100 .150 .050 
.837 
.100 
120 121 123 120 
208 209 208 
249 267 274 250 
Q1 = o.o 
Q2 = o.o 
QJ - o.o 
"""' Qj 
--..] 
m.JN # M.16 
Pl .245 .195 .145 .245 
P2 .001 .051 .101 .001 
P3 .481 .431 









Tl 138 14<> 142 1J8 
T2 208 209 . 
T3. 250 
TABIB LXXVII 







INFRARED FLUX = 28.536 
SOLAR FUJX = 15-310 
.889 
.050 
.837 .787 .887 
.100 .150 .050 
.839 .789 .889 
.100 .150 .050 
.837 
.100 
1J8 139 14<> 138 
209 210 .209 
249 268 275 250 
Ql = .341 
Q2 :z o.o 




m.TN # M.i7 
Pi .24,5 .i95 • i/,i,5 • 2""5 
P2 .OOi .05i .iOi .OOi 
P.3 .48i .l,i,Ji 









Ti 205 209 2i3 205 











INFRARED FLUX • 28.536 
SOLAR FLUX • i5.3i0 
.889 
.050 
.837 .787 .887 
.iOO -i50 .050 
.839 .789 .889 
.iOO .i50 .050 
.837 
.100 
205 205 206 205 
2i7 218 2i7 
270 276 252 
Qi a: .)./,i,i 
Q2'"' o.o 





P1 .245 .195 .145 .245 
P2 .001 .051 .101 .001 
P3 .481 .431 










T1 128 129 130 128 
T2 248 . 
T3 251 
TABLE LXXIX 







INFRARED FUJX .. 28.536 
SOLAR FLUX • 15-310 
.889 
.050 
.837 .787 .887 
.100 .150 .050 
.839 .789 .889 
.100 .150 .050 
.837 
.100 
128 129 1JO 128 
248 248 249 248 
250 269 275 251 
Q1 :z o.o 
Q2 = .34'1 
Q.3 .. o.o 
f-l-' 
'° 0 
RUN # M.19 
Pl .245 .195 .145 .245 
P2 .001 .051 .101 .001 
P3 .481 .431 









Tl 168 169 





SENSITIVITY CHECK; FINAL ANALYSIS MODEL, SERIES "M'' 
.531 .481 
.421 .471 





INFRAIIED FWX = 28.536 
SOLAR FWX a: 15.310 
.889 
.050 
.837 .787 .887 
.100 .150 .050 
.839 .789 .889 
.100 .150 .050 
.837 
.100 
168 169 168 
385 
258 257 276 282 258 
Ql = o.o 
Q2 = 3.41 




IDN # M.20 
P1 .245 .195 .145 .245 
P2 .001 .051 .101 .001 
PJ .481 .4J1 









T1 122 123 124 122 
T2 208 209 
TJ 261 
TABLE LXXXI 







INFRARED FWX • 28.536 
SOLAR FWX = 15.J10 
.889 
.050 
.837 .787 .887 
.100 .150 .050 
.839 .789 .889 
.100 .150 .050 
.837 
.100 
122 124 125 122 
209 210 209 
281 287 261 
Q1 "' o.o 
Q2 • o.o 
QJ "' .JI.ti 
.... 
'° [IJ 
RUN # M.21 
P1 .245 .195 .145 .245 
P2 .001 .051 .101 .001 
P3 .481 .431 









Ti 139 14<> 139 
T2 215 216 
T3 329 
TABIB LXXXI I 








INFRARED FLUX = 28.536 
SOLAR FLUX = 15.310 
.889 
.050 
.837 .787 .887 
.100 .150 .050 
.839 .789 .889 
.100 .150 .050 
.837 
.100 
139 11'<> 141 139 
216 217 215 
329 354 362 329 
Q1 = o.o 
Q2 = o.o 
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